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PREFACE 

1 HAVE in the present volume dealt with the intricate 
phenomena of different tropisms. The movements in plants 
under the stimuli of the environment — the twining of 
tendrils, the effect of temperature, the action of light 
inducing movements sometimes towards and at other times 
away from the stimulus, the diametrically opposite respojises 
of the shoot and the root to the same stimulus of gravity, 
the day and night positions of organs of plants — these, and 
many others present such diversities that it must have 
appeared a hopoleSvS endeavour to discover any fundamental 
reaction applicable in all cases. It has therefore been 
customary to assume different sensibilities especially evolved 
for the advantag(i of the plant. But teleological argu- 
ment and the use of descriptive phrases, like positive 
and negative tropism, offer no rcuil explanation of the 
phenomena. Thus to quote Ffeffer “When w(^ say that an 
organ curves towards a source of illumination, because of 
its heliotropic irritability we are simply expressing an 
ascertained fact in a conveniently abbreviated form, without 
explaining why such curvature is possible or how it is 
produced. . . . Many observers have unfortunately devoted 
their attention to artificially classifying the phenomenon 
observed, and have entirely neglected the explanation of 
causes underlying them.” He also adds that in regani to 
the phenomenon of growth and its variations, an empirical 
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treatment is all that is possible in the present state of our 
knowledge; but deduction from results of experimental 
investigation “still remains the ideal of physiology, and only 
when this ideal has been attained, shall we be able to 
obtain a comprehensive view of the interacting factors at 
work in the living organism.” 

In my previous work on “ Plant Response ” (1906) I 
described detailed inv(‘Htigation8 on irritability of plants 
which 1 carried out with highly sensitive recorders. The 
jtlant was thus made to tell its own story by means of 
its self-made records. The results showed that there is 
no specific dill'erence in physiological reaction of different 
organs to justify the assumption of positive and negative 
irritabilities. A generalisation was obtained which gave a 
complete explanation of diverse movements in plants. 
The results were fully confirmed by an independent method 
of inquiry, namely that of electric response, which I have 
been able to elaborate so as to become a very important 
means of research. 

The investigations described in the present volume 
not only support the conclusions reached in my earlier 
works, but have led to important additions. It is evident 
that the range of our investigation is limited only by 
our power of recording the rate of plant-movement, 
that is to say, in the measurement of length and time. 
In those respects the instruments that I have been able 
to devise have surpipsed my sanguine expectations. The 
Resonant Recordeir t^raceg tirQe-intervals as short as a 
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thousandth part of a second, while my Balanced Oresco- 
graph enables us to measure variation of rate of growth as 
minute as millionth of an inch per second, the sensi- 
tiveness of this apparatus Ihus rivals that of the spectro- 
scope. The increasing refinement in our experimental 
methods cannot but lead to important advances towards 
a deeper understanding of underlying reactions in the 
living organism. 

I shall here draw attention to only a few of the 
important results given in the present volume. The tropic 
effect of light has been shown to have a delinile rela- 
tion to the qxiantity of incident light. A coinplett^ tropic 
curve has been obtained from sub-minimal to maximal 
stimulation which shows the inade(]uacy of Weber’s law, 
for the sub-minimal stimulus induces a qualitative ditVer- 
ence in physiological reaction. It has further been sliown 
that the prevalent idea that perception an<l ludiotropic 
excitation are two distinct phenomena is without any 
foundation. 

With reference to the effect of ether waves on plants, 
I have given an account of my discovery of the la^sponse 
of all plants to wireless stimulation, the results bidng 
similar to that induced by visible light. IMie perc(iptive 
range of the plant is thus infinitely greater than ours ; 
for it not only perceives, but also responds to dilferent 
rays of the vast ethereal spectrum. 

The results obtained by the method of geo-eleciric 
response show that the responsive reaction of the root 



IV 


ia in no way different from that of the shoot, the opposite 
movements being due to the fact that in the shoot the 
stimulation is direct, and in the root it is indirect. 

Full description is given of the new method of 
physiological exploration by moans of the electric probe, 
by which the particular layer which perceives the 
stimulus of gravity is definitely localised. The method 
of electric probe is also found to be of extended applica- 
tion in the detection of physiological changes in the 
interior of an organ. 

An important factor of nyctitropic movements, hither- 
to unsuspected, is the effect of variation of temperature 
on geotroi)ic curvature. This and other co-operative factors 
have be(‘n fully analysed, and a satisfactory explanation 
has been offered of various types of diurnal movement. 

A generalisation has been obtained which explains 
all the divm’se movements of plants, under all modes of 
stimulatiun : it hus been shown that direct stimulation 
induces contraction and retardation of growth, and that 
indirect stimulation induces an expansion and acceleration 
of growth. 

Another generalisation of still greater importance is the 
establishment of identical nature of physiological reaction in 
the plant and the animal, leading to advances in general 
physiology. Thus the discovery of a method for immediate 
enhancement or inhibition of nervous impulse in the plant 
led to my success in the control of nervous impulse in the 
animal. Another important discovery was the dual nervous 
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impulses in plants, and I have very recently been able to 
establish, that the nervous impulse generated in the animal 
nerve by stimulus is not single, but double. 

The study of the responsiv(‘ phenomena in plants must 
thus form an integral part of physiological investigation 
into various problems relating to the irritability ot‘ all living 
tissues, and' without such study the investigation must in 
future remain incomplete. 

October 1919, J. (J. HOSE. 
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Sir J. C. Bose. 

We ^hall in the succeeding series of pii])ers deal with 
the subject of tropisrn in general. Different plant organs 
undergo curvature or bending, .sometimes towards and at 
other times away from the stimulus which induces it. 
The problem is very intricate ; the possibility of its solu- 
tion will de])end greatly on the accurate determination of 
the immediate and after-etfects of various stimuli on the 
responding organ. The curvature induced in the growing 
organ is brought about by variation, often i^xtremely slight, 
of the rate of growth ; the result, moreover, is liable to 
be modilied by the duration and point of application of 
stimulus. The dilhculties connected witli the problem can 
only be romov(‘d by th(‘ detection and measurement of tln‘ 
minutest variation in growth, and by securing a continuous 
and automatic record of the entire history of the change. 

In the chapter on High Magnilication (h’cscograph an 
account is given of the apparatus which 1 have devised 
by which the rate of growth may be magnified from ten 
thousand to ten millions times. It is thus possible to 
measure the imperceptible growth of plants for a period 
sliorter than a single second. The variation of normal 
rate of growth is also found by measuring successive 
growth records on a stationary plate at regular intervals, 
say of ten seconds, or from the ffexure in the growth-curve 
taken on a moving plate (p. 163). 

I was next desirous of exalting the sensitiveness to a 
still higher degree by an independent method, which would 
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not only reveal very slight variation induced in the rate 
of growth, but also the latent period and time-relations of 
the change. For this purpose I at first devised the Optical 
Method of Balance* which was considered at the time to 
be extremely sensitive. The spot of light from the Optical 
Lever (which magnified the rate of growth) was made to 
fall upon a mirror to which a compensating movejnent 
was imparted so that the light-spot after double reflection 
remained stationary. Any change of rate of growth — 
acceleration or retardation — was at once detected by the 
movement of the hitherto stationary spot of light in one 
direction or the other. 

A very careful manipulation was required for the 
adjustment of the Optical Balance ; the record moreover 
was not automatic. For these reasons I have been 
engaged for several years past in perfecting a new appa- 
ratus by which, (1) the balance could be directly obtained 
with the utmost exactitude, (2) where an attached scale 
woidd indicate the exact rate of growth, and (3) in wiiicli 
the upsetting of the balance by external stimulus would 
be automatically recorded, the curve giving the time rela- 
tions of the change. 

PRINCIPLE OF THE METHOD OF BALANCE. 

I shall take a concrete example in explanation of the 
method of balance. Taking the rate of growth per second 
of a plant to be inch or ()’5 fi per second (equal 

to the wave length of sodium light), the tip of the plant 
will be maintained at the same point in space if we suc- 
ceeded in making the plant-holder subside exactly at the 
same rate. The growth-elongation of the plant will then 
be exactly balanced by a compensating movement down- 
wards. The state of exact balance is indicated when the 


* “Plant Response” -p. 418. 
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recording lever of the Crescograph traces :i horizontal line 
on the moving plate. Overbalance or uiulerbalanci' will 
deflect the record l)eloAv or above the horizontal liiu'. 

COMPENSATTNC; MOVEMENT. 


For securing exact balance tlie holder of the plant lb in 
the given example, will have to suhsiil(‘ at a rate of 



Oa. — Arrar^^t^mtint fj)r from ion of {j^ro wtii-iiioveineiit by ecjUMl HnbHi- 
donce of plant-holder: S, adjus-tiiij^ screw for regulation of speed of rotation; fi, 
governor; W, heav’^y weight; I’, plant -holder. 


inch per second. This is accoinplishtui by ji system of 
reducing worm and pinion, also of clock wheels (Fig. 113). 
The clock at first used for this purjtost} wtis worktul by 
the usual balance wheel. Though this secured an average 
balance yet as each lick of the clock consisted of sudden 
movement and stoppage, it caused minute variation in the 
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rate of subsidence ; this became magnified by the Cres- 
cograph and appeared as a series of oscillations about a 
mean position of equilibrium. This particular defect was 
obviated by the substitution of a fan governor for the 
balance wheel. Hut the speed of rotation slows dowji with 
the unwinding of the main spring, and the balance obtained 



Fig. 04.— Photographic reproduction of the Balanced Crescograph. L, L', magni- 
fying compound lever. E, recording plate. P, plant. C, clockwork for oscillation of 
the plate and lateral movement. G. governor. M, circular growtli-scale. V, plant- 
chamber. 


at the beginning was found to be insufficient later on. 
The difficulty was finally overcome by the use of a heavy 



THE BALANCED CRESCOGRAPH- 


25 ^ 


weight W, ill the place of ccihul spring, 'rhe complete 
apparatus is seen in figure ‘J4. 

For purpose of simplicity of ex])Ianatioii, I assumed 
the growtii rate to have a definite value of inch per 

riecond. But the rate varies widely in diflerent plants and 
: 3 ven in the same plant at different days and seasons. In 
[)ractice the rate of growth for whicli compensation has 
[() be made varies from to inch, or from 0*1 

A) 1 •()//, per second. We have thus to secure sonu‘ means of 
m}itinui)us adjustment for growth, tlie rate, of which could 
he continuously varied from one to six times. I'liis range 
if adjinlment I have been able to secure by the com- 
[)Ound inotliod of frictional resistance ;ind of centrifugal 
Ltovernor, As regards frictional resistance the two pointed 
.mds of a hinged fork rub against a liorizontal circular platen 
not shown in the figure, i^y means of the screw head S, 
the free ends of the fork spr(‘ad out and the circnmft^r- 
eiice of the frictional circle continuously increased. The 
centrifugal governor is also spread out by the action of 
the adjusting screw. By the joint actions of tln^ frictional 
control and the centrifugal governor, the spiaal of rotation 
can he continuously adjusted from 1 to 6 timt'S. When the 
adjusting screw is set in a particular position, the speed of 
rotation, and therefore the rate of subsidence of plant-holder, 
remains absolutely constant for several hours. The attain- 
ment of this constancy is a matter of fundamental import- 
ance, and it was only by the employment of the compound 
system of rogiilatiou that I was able to secure it. 

The method of obtaining balance now becomes extremely 
simple. Before starting the balancing movement by clock 
regulation, the plant is made to record its magnified growuh 
by the Orescograph. The compensation is effected as 
follows : the speed of the clockw(;rk is at the Ijegirining 
adjusted at its lowest value, and tlie pressure of a button 
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starts the balancing movement ol the plant downwards. On 
account of partial balance the record will be found to be 
less steep than before ; the speed of the clock is gradually 


a 


FfU. 05.— Jialaijcod Crencographic record: (n) shcvvir*^'’ effect of luiderbalaiic 
Mild v^) overb;il:nu.v of about li per cent. ('.Magnification 2,000 times.) 

incr(‘ased till the record becomes perfectly horizontal under 
exact balance. Overbalance makes the record slope down- 
wards. In tigure Do is seen records of iinderbalaitce (a) 
and overbalance (/y), to the extent of about H per cent. 

It will til us be seen that the effect of an external agent 
may be detected by the upsetting of the balance ; an up- 
movement imlicatos (unless stated to the contrary) an 
enhancement of the rate of growth above the normal ; and 
a down-movement, on the other hand, a depression of the 
normal rate. 

Cal ihration. — 'riie calibration of the instrument is 
obtained in two different ways. The rate of subsidence of 
the plant-hobler, by which the balance is obtained, is 
scrictly proportional to the rate of rotation of the vertical 
spindit* and the attached train of clock-wheels. A striker 
is attached to one of the wheels, and a bell is struck 
at each complete revolution. The clockwork is adjusted 
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at a medium speed, the bell strikias,' 35 times in a minute. 
A microscope micrometer is focussed on a mark made on 
the plant-holder, and the amount of subsidence of tln^ 
mark determined aft^M* one minutt^ ; this was found to be 
0-0r)^.h5 mm. As this fall occurred after 35 strokes of th(‘ 
hell the subsidence per stroke was 0*0015 mm. 

mi nation of tini ahaohife rale of iji'owth,--\{ growth 
])e found balanced at N strokes of bell ])er minute, the 
rate of subsidence ])er second = N x mm. p(*r second 

= N X -OOOthjr) mm. pm* s(*cond 
= N X /X per second 
= X ltl~'’ inch per second. 

Examidi . — The ^^rowtli of a specitnen of Zea was 

found balanced when the number of strokes of the bell 
was 20 times in a minute. 

Absolute rate of ^n'owth = 20 x *025 /x = 0*5 ])er secoinl 
or = 20 X 10“"’ inch ,, 

~ ^o0,000" ” ” 

If we take the wave leuf^th of sodium light X as our 
standard, the growth in length per second is etjual to A.. 
'This will give us some idea of the seiisitivcmess of 
the (.^rescograpli employed in recording the movement of 
growth. 


GROWTH-SCALE. 

The Balanced (Jrescograph enables us not merely to 
determine the absolute rate of growth, but the slightest 
tl net nation in that rate. 

Indicator Scale . — All necessity of calculation is obviated 
by the scale provided with the apparatus. The speed of 
clockwork which brings about the balance of growth is 
determined by the position of the adjusting screw S, the 
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gradual lowering of which produces a continuous diminu- 
tion of ppeed. A particular position of the screw therefore 
indicates a definite rate of subsidence for balancing growth. 
By a simple mechanism the up or down movement of th(^ 
screw causes rotation of an index pivoted at the centre of 
a circular fcale. Bach division of the scale is calibrated 
by counting the corrc‘sponding number of strokes of the 
bell per minute at different positions of the adjusting screw. 
The scale is calibrated in this manner to indicate different 
rates of growth from 0-2 /x to 1*2 /x per second. 

The determination of the rate of growth now becomes 
extremely simple. Few turns of the screw bring about 
the balance of growth and the resulting position of tlm 
index against the circular scale automatically indicates the 
absolute rate. The procedure is even simpler and more 
expeditious than the determination of the weight of a 
substance by means of a balance. 

SENSITIVENESS OF THE CRESCOGRAPHIC BALANCE. 

Perhaps the most delicate method of iiKUisuring lengths 
is that afforded indirectly by the spectrum of a light. A 
good spectroscope resolves ditferences of wave lengths of 1), 
(=0’5S96 /a) and D., ( = 0*589()) i,e, of 1 part in a thousand. 
The average rate of growth of Zea Mays is of this order ; 
being about 0*5 per second. Let us consider the question 
of the possibility of detecting a fractional variation of th^ 
ultra-microscopic length by means of the Balanced Oresco- 
graph. In reality the problem before us is more intricate 
than simple measurement of change of length ; for we have 
to tletermine the rate of variation of length. 

The sensitiveness of tlie balance will, it is obvious, 
depend on the magnifying power of the Crescograph. By 
the Method of Magnetic Amplification referred to in page 
170, 1 have succeeded in obtaining a magnification of ten 
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Ipiillion times. In this method a very delicate astatic 
aystem of magnets undergoes deflection by the movement 
of a magnetised lever in its neighbourhood. A s])ot of 
light reflected from a small mirror attached to the astatic 
System, thus gives the highly maguilied movement of the 
^ate of growth, which may easily be raised to ten million 
iimes. I shall in the following describe the results obtained 
with this easily managed magnification of ten million 
limes. 

Determination of ^<eni<itiveness : th‘perinie}tt 9U, — A seed- 
ling of Zea Mays was placed on the Crescographic Halance ; 
jind the magnetic amplification, as stated above, was ten 
jpuillion times. With L<S strokes of the bell per minute 
the spot of light had a drift of -f ciu. per minute to 
the right; this is because th(‘ growth was underbalanced. 
With faster rate of clock movement, L6\, 21 strokes in 6S 

Seconds or 18*511 strokes per minute, the drift of the spot 

of light, owing to overbalance, was to the left at the 
ifate of - 5, ‘10 cm. per minute, 'fhus 

; (1) 18 strokes per minute caused a drift of + 26f) 

cm. per minute. 

(2) 18*5.‘l strokes per minute caused a drift of - 5I1D 
cm. per minute. 

Hence by interpolation the exact balance is found lo 
l^orrespond to 18’177 strokes per minute. 

Therefore the absolute rate of growth 

= 18*177 X 0*025 p per second. 

= 0-45/x per second. 

= 0*()0(X)J8 inch per second. 

We learn further from (1) and (2) that a variation of 

produces a change of drift of the spot of light 
18*177 ^ 

|rom + 266 to ~ 580 cm., of 7'J6 cm. per minute. 

22 
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As it is easy to detect a ilrift of 1 cm. per minute a 

variation of , „ ^ 27,000 may thus be 

lS-177 X rM) 

(letecfe<l by the Method of Balance. The spectroscopic 
method (mabled us, as we saw, to detect change of wave 
length 1 part in a thousand. The sensibility of the 
Balanc(‘d Cr(‘Scograph is thus seen to rival, if not surpass 
that of the spectroscope. 

For obtaining a g(MU‘rat idea of the sensitiveness, the 
absolute of growth in the instance given above was OOOOLS 
inch ])(‘r second, and the Balanced Crescograph was shown 
capabh' of discriminating a variation of I part in 27,000 ; 
lie-nc(^ it is possible* to detect by this means a variation 

of ^ millionth of an inch per second. 

l , r )()0 ‘ 

'Phis method of un})recedented delicacy oj)ens out a new 
lield of investigation on the elfect of changes of onviron- 
iru'nt in inoditication of growth; instances of this will he 
found in suhst'cpient chapters. I give below accounts of 
certain demonstrations which will no doubt appear as very 
striking. 

After obtaining the exact balanct- a match was struck 
in the neighbourhood of the plant. This produced a marked 
movement of the hitluudo (juiescent spot of light, thus indi- 
cating the perception of such an extremely feeble stimulus 
by the plant. 

Brt'athing on the plant causes an enhancement of growth 
due to the joint elPects of warmth and carbonic acid gas. 
A more striking ('xperiment is to fill a small jar with 
earbonic acid and empty it over the plant. A violent move- 
ment of the spot of light to the right demonstrates the sti- 
mulating ehect of this gas on growth. 

The method described above is excessively sensitive ; for 
general purposes and for the method of direct record, a less 
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sensitive arrangement is sulficient. I give below aecounts 
ot' several typical experiments in which the recording form 
of ('rescograph was employed, the magiiilication being only 
2,000 times. 

Effect t[f carbonic acid on Balanced groivth : Expcrioient 
100 , — I have already shown that carbonic acid diluted with 
air induces an enhancement of the rate of growth, but its 
long continued action induces a depression (p. ISr)). I 
slpill now employ the Method of Balance in studying the 
ell‘(‘ct of CO.> on growth. It should be remembered in this 
connection that the horizontal ri'cord indicates the balanc (5 
of normal ratt^ of growth. An up-curve exhibits the 
induced enhancement, and a down-ciirv(‘, a deprt^ssion of 



Fkj. 9(5. — Record sliowins' the etfect of CU._,. Hoiizutital hue at beginning 
indicates balanced growth. Application of CO. at arrow induces enhancement 
‘>1' growth shown by the up-curve followed by <lepresRion, shown by the down- 
curve. Successive dots at intervals of 10 seconds. (Seedling of wheat.) 

growth. In the present experiment after obtaining the exact 
balance, pure carbonic acid gas was made to fill up the 

22 A 
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plunt-chaiiihtir at the point marked with an arrow (Fig. %). 
It will be seen that this induced an almost immediate ac- 
celeration of I he rate, the latent period being less than five 
seconds. The acci‘h*ration continued for two and half 
minutes ; tin* accelerated rate then slowed down, became 
enfeebled, and the growth returned for a short time to the 
normal as indicated by the horizontal portion at the top of 
the record ; this proved to be the turning point of 
inversion from acceleration into retardation of growth. The 
stronger is the concentration of the gas the earlier is the 
point of inversion. With diluted carbonic acid the accelera- 
tion may persist for an hour or more. 

RPFKrr OF ANv1^:STHF/nCB. 

of Ktlier : Experiment 101 , — Dilute vapour of 
ether is found to induce an acceleration of rate of growth 



Fiu. 1»7.— (a) FflFect of etlier, acceleration of growth, (6) effect of chloroform 
preliminary acceleration followed by depression. 


which persist for a considerable length of time. This is 
seen in the upsetting of the balance upwards on the 
introduction of the vapour (Fig. 97a.). 



THE BALANCED CREHCOGRAPH. 


267 


Effect of Chloroform : Experiment 102 , — The effect of 
chloroform vapour id relatively juore depressing than 
ether. Application of chloroform is seen to induce at 
Hrst an acceleration which persisted for 50 seconds, hut 
after this depression set in (Fig. 1^7 b). Prolonged applica- 
tion of the amesthetic is followed by the death of the 
plant. 


SUMMARY. 

Ill the Method of Balance the movement of growth 
upwards is compensated by an equal movement of the 
plant downwards, with the result that the record remains 
liorizontal. 

The effect of an external agent is immediately d(i- 
tected by the upsetting of the balance, up-record repre- 
senting acceleration above normal, a down-record the opposite 
effect of depression below the normal rate. 

The latent period and the after-eff*ect of stimulus may 
thus be obtained with the highest accuracy. 

The sensitiveness of the Method of Balance may be 
raised so as to indicate a variation of rate of growth 
smaller than , of an inch per second. 
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S]R .1. C. BOSR. 

diverse moveineiitrt induced by external stimuli in 
dill'erent organs of plants are extremely varied and com- 
plicated. Tin* forces in operation are manifold— the 
influence of changing temperature, the stimulus of contact, 
of electric current, of gravity, and of light visible and 
invisible. They act on organs which exhibit all degrees 
of physiological dill'erentiation, from the radial to the 
dorsiventral. An idmitical stimulus may sometimes induce 
one elfect, and at otiier times, the precisely opposite. Thus 
uiuler unilateral stimulation of light of increasing intens- 
ity, a radial organ exhibits a positive, a dia-phototropic, 
and finally a negative response. Strong sunlight brings 
about iiara-heliotropic or ‘ midday sleep * movement, by which 
the apices of leaves or leaflets turn towards or away from 
the source of illumination. The teleological argument ad- 
vanced, that in this position the plant is protected from 
excessive transpiration, does not hold good universally ; for 
under tlu^ saints reaction, tin* leallets of Cassia moatana 
assume positions by which tlu‘ plant risks fatal loss of 
water. In Auerrhoa caramhola the movement is down- 
wards, whichever side is illuminated with strong light ; 
in Jlimosa leaflet the movement, under similar circum- 
stances is precisely in the opposite direction. The photo- 
uustic movement, apparently iudeperident of the directive 
action of light, has come to be regarded as a phenomenon 
unrelated to phototropic reaction, and due to a different 



TROPIC MOVEMENTS 


2r)i) 

kind of irritability, and a different mode of response. So 
very anomalous are these various effects that Pfeffer, after 
showing the inadequacy of different theories that have been 
advanced, came to the conclusion that “ the precise character 
of the stimulatory action of light has yet to be deter- 
mined. When we say that an organ curves towards a source 
of illumination because of its heliotropic irritability, we are 
simply expressing an ascertained fact in a conveniently 
abbreviated form, without explaining why such curvature 
is possible or how it is produced.”* 

The contradictory nature of the various responses is 
however not real; the apparent anomaly had lain in the 
fact that two definite fundamental reactions of opposite* 
signs induced by stimulus had not hitlierto been recognised 
and distinguished from each other. The innumerable varia- 
tions ill the resultant response are due to tlie summation of 
the effects of two fluctuating factors, with further complica- 
tions arising from : (1) difference in tlie point of application of 
stimulus, (2) the differential excitability of the different sides 
of the responding organ, and (d) the effect of temperature 
in modifying tropic curvature. It is therefore^ most import- 
ant to have the means for automatic record of cotftln iwiis 
change in the response brought about by various factors, 
which act sometimes in accord, and at other tim(*s in con- 
flict. The autograph of the plant itself, giving a history of 
the change in response and its time-relations, is alone 
decisive in explanation of various difliciilti(is in connection 
with plant movements, as against the various tentative 
theories that have been put forward. The analysis of th(‘ 
resulting effect, thus rendered possible, casts new light on 
the phenomena of response, proving that the anomalies 
which had so long perplexed us, are more apparent than 
real. 


* Pfeffer —Ibid — Vol. fl, p. 74. 
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One of the causes of uncertainty lay with the question, 
whellier iN'spoiise chanj^ed with the mode of stimulation. 1 
have, how(*ver, been «tbl(? to show that (xll foritzfi oj Htinvull 
induce a delinite oxcilatory reaction of contraction (p. 218). 

Troi)ic mov(uniuits induced by unilateral action of 
stimulus may, broadly speakin*?, be divided into two classes 
dependinf^ on the poiid of application of stimulus : 

In the first, the point of application of unilateral 
stimulus is not on the responding organ itself, but at 
some distance from it. The question therefore relates to 
LoNGiTiintNATi Tuansmtssion of effect of stimulus. 

In the second, unilateral stimulus acts directly on the 
respojiding organ. For the determination of the resultant 
niovmnent, it is necessary to take account of effects 
induced on the two sides of the organ. The side adjacent 
to the stimulus I sliall designate, as the p7*oximnl^ and 
th(* diaiiudrically opposite as the distaff side. The question 
to be investigated in this case relates to TRANSVERSE 
TRANSMISSION of efftud of stimulus. It will be shown that 
the resulting movement depends on : — 

(a) w hot lie r the tissue is a conductor or a non- 

conductor of excitation in a transverse direc- 
tion, and 

{h) whether it is the proximal, or the distal side of 
the organ that is the more excitable. 

In connection with the response to environmental 

changes, a sourct^ of uncertainty is traceable to the absence 
of sullicient knowledge of the physiological effeci of heat, 
which has been regarded as a form of stimulus : it will 
be shown that heat induces two distinct effects dependent 
on conduction anti radiation. We shall in the succeeding 

chapters, take up the study of the physiological effects 

induced by changes in the environment. 
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Af^sisled by 

(tURUPRASANNA T3a{^. 

I HAVE in previous chapters explained that the direct 
application of stimulus gives rise in di he rent organs to 
contraction, diminution of turgor, fall of motile leaf, elec- 
tromotive change of galvanometric negativity, and ndarda- 
tion of the rate of growth. I have also shown that 
indirect stimulation {i.e, application of stimulus at some 
distance from the responding organ) gives rise to a positive 
or erectile response of the responding leaf or leaflet 
(indicative of an increase of turgor;, often followed by 
normal negative response. The positive impulse travels 
quickly. The interval of time that elapses, between the 
application of stimulus and the erectile response of the 
responding leaf, depends on the dis(anc(‘ of the point of 
application, and the character of the transmitting tissue : 
it varies in different cases from 0*fl second to about 40 
seconds. The positive is followed by a slower wave of 
protoplasmic excitation, which causes the excitatory fall. 
The velocity of this excitatory impulse is about ;5() mm. 
per secoml in the petiole of Mimosa^ and about H mm. 
per second in Biophytiini, The positive followed by the 
negative thus gives rise to a diphasic response. The 
excitatory impulse is much enfeebled during transit : the 
negative impulse may thus fail to reach the responding 
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or^aii, if the stimulus b(‘ feoble or if the intervening^ dis- 
tance b<^ or semi-conducting. Hence moderate stimulus 
applied at a distanc(‘ j,dves rise only to positive res])Onse ; 
direct application of strong stimulus gives rise, on the 
other hand, to the normal negative. F^y employing the 
electric method of investigation, I have obtained with 
ordinary tissues the positive, the diphasic, and the negative 
(‘l(*ctric response, in correspondence with the responses 
given by a motile organ (p. 214). The mechanics of 

propagation of the positive and the negative impulse are 
different. Tt is therefore necessary to distinguish the 
(piick trunsniissw)i of the positive impulse from the slow 
rondudioH of th(^ negative impulse due to the propagation 
of excitatory protoplasmic change. 

It should l)e borne in mind iji this connection that all 
responsive moveiiuMits are ultimately due to protoplasmic 
changes which are beyoml our scrutiny. We can infer the 
nature of tin* change by the concomitant outward maiii- 
ft stations, which are of two kinds: the positive^ associated 
with incnaise of lurgor, expansion, and galvanometric posi- 
tivity, and the nnjatim with concomitant decrease of turgor, 
contraction, and galvanometric negativity. Thus positive 
and negative reactions indicate the fundamental protoplas- 
inic changes of opposite characters. 

The movement and curvature induced by stimulus 
have, for couvmience, been distinguished as positive curvd- 
tort (movc'inent towards stimulus), and neyatlve cu>rv itarr 
(movement away from stimulus). Though these curvatures 
result from protoplasmic reactions, yet the positive ciirvi- 
hire is not necessarily associated with positive protoplasmic 
reaction. It will be shown that the curvature of an organ 
is determined by the algebraical summation of effects 
induced at the proximal and distal sides of the responding 
organ. 
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Physiologists have not been aware of the dual character 
of the impulse generated l)y stiinuhis, and tin; term “ trans- 
mission of stimulus” is thus misleading sinct* its effect 
may be an expansion, or its very opposite, contraction. 
It is therefore necessary to discriminate the eJfect of one 
from the other : the impulse which induces an increase 
of turgor, expansion, and galvauometric positivity will be 
distinguished as positive, in the sense that it causes an 
enhancement of turgor. The other, which induces diminution 
of turgor and contraction, will be termed as the excitatory 
impulse. Transmission of the latter is dependent on 
conducting power of the tissue ; the positive impulse is 
practically independent of the conducting power. 

In animal physiology again, there is no essential 
difference between the effect of the direct and indirect 
stimulation. In a nerve-ainl-muscle preparation, for ex- 
ample, indirect stimulation at the nerve induces the same 
contraction as the direct stimulation of the muscle. The 
only difference lies in the latent period, which is found 
to be longer under indirect stimulation by the time 
interval necessary for tln^ excitation to travel along the 
conducting nerve. It is probable that stimulus gives rise 

to dual impulses in the animal tissue; as in the plant. 

Ihit the detection of the positive impulse in the animal 
nerve is rendered exceedingly difficult on account of the 
high velvicity of conduction of excitation. I have explained 
that th(; separate effects of tln^ two impulses can only he 
detected if there is a sufiicient lag of the excitatory 

negative behind the positive, so that the relatively sluggish 
fesponding organ may exhibit iln* two impulses one 

after the other. In a highly conducting tissue the lag is 
very slight, and the negative will th(;refore mask the 
positive by its predominant effect. In spite of the difficulty 
involved in the problem, I have recently been successful in 
demonstrating the dual impulses in the animal nervt‘. 
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Jn any it is iniporLMiit t(» remember the following? 

characteristic elVects of indirect stimulation. 


wn.-'-siiou i\(: tiik kkkkct of indirkct stimulation. 


Intensity of 
stiiniilns. 


(dniraoter of intervening** 
tissue 


Uesponsive effect. 


Mo(I(‘r,‘ite 


F«*(‘l)le 


i IJiiL'liIy eon<lncting 
; Xon-condneting 
vS iini'Ctinnlncting 


Contraction. 
Expansion. 
Expansion followed 
hy contraction. 
Expansion, 


These tdVects of indirect stimulation have been fully 
demonstrated in tin* case of pnlvinated organs (p. 1146) and 
growing organs (p. 21;*)). 


lla\ing dcmonstraUMl the fundamental reactions of 
direct and indirect stimulation, we shall next study the 
tropic elfects induced in growing organs by the effect of 
unilateral ap})licat,ion of indirect stimulus. 

Experiment lO -}, — I have already explained, how thermal 
radiation is almost as elfective in inducing contraction 
and retardation of growth as the more refrangible rays 
of the spectrum, 'fhe tliermal radiation was produced by 
the heating of a platinum spiral, short of incandescence, 
by the passage of an electric current. IMie intensity of 
radiation is t^asily varit* I by adjustment of the current by 
means of a rheostat. The experinumtal specimen was a 
tlower l)ud of (Irinum. It was held by a clamp, a little 
l)elow the region of growth, stimulus was applied below 
the clamp so that the transmitted effect had to pass 
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through S, the securely IieLI tissue (Fig. 1)8). A feel)le 
stimulus was applied on ono side, at the indifferent 



Fhi. 1»8. — Diiigramniatic represciiiation of effects of iiulirocl, and direct ^ti- 
rnulation. Continuous arrow represents the iudirect stiiniilut ion, and the (‘urve<l 
continuous arrow above, the induced negative curvature : dotted arrow indicates the 
:tpf)lication of direct stimulus, and the dotted curve above, the induced positive 
curvature. 


point about .*> cm. bidow tlie region of growth. The 
positive effect oP iudirect stimulus reaedied the region 
of growth on the same side, bringing about an accelera- 
tion of growth with expansion and convexity, the resulting 
movement l)eing negative or uway from thii stimulus. The 
latent period was ten seconds, and maximum negative 
movement was completed in the furtlKO' course of ten 
>^ecotids, after which there was a recovery in the course 
75 seconds. A stronger stimulus S' gave a larger 
response ; but when the intensity was raised still higher to 
the excitatory negative impulse overtook the jiositive 
^vithin 15 seconds of its commencement; the convex was 
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thus Hucccedod hy the uoiicave curvature (Fig. 99). Direct 
application of stimulus at the growing region gave rise 
to u positive curvature. 



Fni. !>9.-~Troi)it! curvature of CVi/oow to unilateral iiulirect stimulation of 
incroasin^^ intouflitiort ; S, S' of moderate intensity inducea neirativo tropic effect 
(movement away from the slirnulatetl side): atron^-cr stimulus S" gave rise to 
negative followetl by positive. Successive dots at intervals of 5 seconds Magnifi- 
cation 100 times. 

The effect of feeble stimulus transmitted longitudinally 
is thus found always to induce convexity, a negative 

curvature and movement away from stimulus. I 
have obtained similar responsive movement of negative 

sign with various plant organs, and under various formg 
of stimuli. Thus in the stem of Dregea volubilis the 
longitudinally transmitted effect of light of moderate 
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intensity was a negative curvature ; direct application of 
light on the growing region gave, on the other hand, a 
positive curvature and movement towards light. 

Thus while the ollrect of direct unilateral stimulation 
is a positive curvature, the effect of indirect stimulation 
is a negative curvature. The following tabhi gives a 
summary of results of tropic effects under unilateral 
application of indirect stimulus. 


TAIU.K XXIir. — SUOWIXO TROPie KKKKCT OK UN I !.A rKUAl. 
AITLICATION OK lNI)lRK<rr STlMUf lJS. 


Stiiiiuhi*^. 


Cliaractei* ()f iiitorvuning | Sign of tropic 
tissue. I res poll Kc. 


Moderate 


’ Feelilo 
I Moderate 


Conducting 

Seiui-coiMluctiiig 

SciTii-coiiducting 

Nou-coudueting 


Positive (Uirvature. 
x\egativ(‘ followed 
by positives 
Negative curvature. 
11 


Diiect application of unilateral stimulus induces a positive curva- 
ture. 


SUMMARY. 

Ill sensitive plants stimulus applied at a distance 
iiiduces in the responding region an expansion indicative 
ef increase of turgor. 

The effect of indirect stimulation is also exhibited by 
au electric change of galvanometric positivity, indicative of 
'iihaiicement of turgor and expansion. 
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Indirect stiinuliis induces in growing: organs an enhance- 
ment of rate of growth. 

Unilateral application of stimulus causes an expansion 
higher up on the sanu* side to which the stimulus is 
appli(‘d ; tli(‘ result is an induced convexity, a movement 
away from the stimulus, a negative curvature. Direct 
stimulus applied unilaterally at the responding region 
induces, on the other hand, a positive curvature. 



XXV.— TROl^IO CURVATURK WITH TRANSVKRSK 
TRANSMIStSlON OF EFFROT OF STIMULUS 

Sir »). (’. Bosk, 

Af^aiiited hjf 
(rURUPRASANNA DaS. 

Wk have next to consider a very large class of pheno- 
mena arising out of the direct stimulation of one side and 
its transversely transmitted effect on the opposite side, 
'rhe unilateral stimuli to whicli tlio plant is naturally t^x- 
posed are those, of contact, of light, of tliermal radiation, 
and of gravity. There is besides the stimulation by elec- 
tric current, I shall presently show that these tropic 
curvatures are determined by the didinite ellects of direct 
and indirect stimulations. 

Under uailaterul Htiiiiulus, the proximal side i» found 
to become concave and the distal side convex ; tlie organ 
thus moves towards stimulus, exhiluting a positive curva- 
ture. This movement may he due: (1) to the diminution 
of turgor, contraction or retardation of rate of growth of 
ilie proximal side, (2) to the increase of turgor, expansion 
or acceleration of rate of growtii on tlie distal side, 
or (:5) to the joint effects of contraction of tlie proximal 
and expansion of tin* distal side. 

As regards the reaction ef the proximal side, it has 
hecn shown that direct stimulation induces local coiitrac- 
don ill a pulvinateil organ, and retardation of growth ' 

H growing ox’gan. The effect induced on tlu distal^^ 
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hu(j hitherto remained a matter of uncertainty. In regari 
to this we must bear in mind that it is the effect of 
indirect stiinnhis that reaches the distal sided, inducing hv 
(‘iihancement of turgor and expansion of that side. 

For obtaining a complete explanation of tropic curva- 
tures in general, it is important that the induction of en 
liance<l turgor at the distal side (by the action of stimulus 
at. tlie proximal side) should be corroborated by independ- 
ent methods of enquiry. One of the methods I employed 
for this purpose was electrical. Two electric connections 
were made, one with the distal point (diametrically oppo- 
site to the stimulated area), and the other, with an indiffer- 
ent point at a distance. On application of stimulus of 
various kinds, the distal point was found to exhibit gal- 
vanometric positivity, indicative of enhancement of turgor.* 

I have since been able to devise a new experiment by 
which the enhancement of tui’gor on the distal side is 
demonstrated in a very striking manner. 

1 have sliown (p. .*19) that the movement of the 

motile leaf of Mifnosa is a reliable indicator of the state of 
turgor, increase of turgor inducing erection, and diminution 
of turgor bringing about the fall of the leaf. I shall 
employ the mechanical response of the leaf to demonstrate 
the enhancement of turgor induced by transverse trans- 
mission of effect of stimulus. 

TUlKiOR-VARIATION UNDER TRANSVERSE TRANSMISSION 
OF STIMULUS-EFFECT. 

Unilateral photic stimulatifm : K.rperimoiit 104. — A Mimosn 
plant was taken, and its stem was held vertical by means 
of a clamp. We apply a stimulus at a point on one sid * 
of the stem, ami observe the eff ect of this on the stai ‘ 
oi turgor at the dianjetrically opposite side. In my ffD 


* ‘‘ Plant Response p. 019 . 
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♦‘xperiinent on the subject of detection of induced change 
of turgor I employed the stimulus of light. A narrow 
beam from a small arc lamp was made to fall on tlie 
f^tem, at a point diametrically opposite to the motile leaf, 
which was to serve as a indicator for induced variation 
of turgor at the distal aide. The leaf was attacheil to the 
r.^cording lever, the successive dots in the record being at 
intervals of ten seconds. Stimulation by light causeil a 
positive or erectile movement within 20 seconds of applica- 
tion. The positive response afforded a conclusive proof of 
the induction of an increase of turgor at the distal point. 



Fie. too. —Increased turgor due to indirect stimulation, inducing erection of 
Mimosa leaf : (a) diagram of the experiment, point of application of Btiinulus indicated 
hy arrow. (6) erectile response (shown by down-curve) followed by rapid fall fup- 
cmve) due to transverse conduction of true excitation. (Successive dots at 
intervals of 10 seconds.) 

When the stimulus is moderate or of short duration, the 
response remains positive. But with strong or prolonged 
^I'^imulation, the slower excitatory negative impulse is con- 
ducted to the distal point and brings about the sudden fall 
the leaf (Fig. 100). In the present case the excitatory 

23 A 
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impulse reaolieil the motile organ 200 seconds after the 

initiation ot* the positive response. The stem was thin^ 
only 2 inrn. in diameter. The v<^locity of excitatory 
impulse in a transveirse din'et.ion is thus 0*01 inin. per 
second ; transverse transmission is, for oi)vious reasons, a 
much slow(‘r process tluin longitudinal transmission of exci- 
tation ; in the Minmsn stem this is ai)out 4 inm. per second. 

UnilatfmJ ftlertrlc atbunldlloa : hlrperi ninut 106 , — In 
order lo show that the (dft^cts described above are not due 
to any particular mode of stimulation but to stimuli in 

general, I carried out an additional experiment, the 
stimulus emi)loyed being electrical. Two lini‘ pin-electrodes 

vver<^ pricked into the stem, (»pposite to the responding 
leaf of Mintom ; ilu‘se electrodes were placed vertically 

one above the other, o mm. apart. After a suitable 
period, allow(Ml for recov(u*y from ineclianical irrita- 
tion, feebl(‘ tetanisiug electric shock was passed through the 
electrodes. 'Plu' responsive effects at the distal side of the 
stem is precisely similar to those induced under uiiila- 



Kui. lot.— Kf^pon>t• of leaf of .\iimum nudcr transvorso tl'nnsT^i^8iou o' 
loiTiri'* stimulus. (Coiuparo thi-; wirlj tijr. loo.) 

teral photic stimulation ; that is lo say, the first effect wa?, 
an erectile movement of the leaf, indicative of an induced 
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i iihAnceinent of liirgor ; the excitatory negative impulse 
Oien reache<l the distal point and caused a sudden fall of 
jhe leaf (^^ig. JOl). 

The experiments that have just been described are of 
much significance. An organ like the stem of Mimma, 
since it exhibits no contraction, may appear insen- 
sitive to stimulation ; but its perception of stimulus is 
shown by its power of transmitting two characteristic 
impulses, one of which is the positive, giving rise to an 
enhancement of turgor, and the other, the true excitatory 
negative, inducing the opposite reaction or diminution of 

turgor. Unilateral stimulation gives rise to both these 
effects in all organs : pulvinatod, growing, and non-growing. 
It was the fortunate circumstance of the insertion of the 
motile leaf on one side of the Mimasa stem that enal)led 
us to demonstrate the importani facts givcm ah(>v(*. 

The underlying reactions, which give risi‘ to tropic 
curvature, could have been foretold from the Laws of 

effects of Direct and Indirect stimulation, established in 

previous chapters (pp. Lhi, 216). The resulting curvature 
is thus brought about by the joijit eif(‘cts of direct sti- 
mulation of the proximal, and indirect stimulation of 
the distal side. We may now ri'capitulate sorm^ of the 
important facts relating to tropic curvatures: 

Indirect stimulation gives rise to dual impulses, positive 
and negative ; of these the positive impulse is practically 
imlependent of the conducting power of tin? tissue ; hut 
'he transmission of tiie excitatory negative impulse is 
dependent on the conducting power. No tissue is a perfect 
conductor, nor is any a perfect noii-conductor of excitation, 
he ditference is a question of degree. In a petiole or a 
’tein the conducting power along the direction of length is 
considerable, but very feeble in a transverse (lirection. lii 

semi-conducting tissue, a feeble stimulus will transmit 
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only the positive impulse ; strong or long continued sti- 
mulation will transmit both positive and negative irnpulees, 
the positive preceding the negative. The transmitted posi* 
tive givt‘S rise to increase of turgor, expansion, and accelera- 
tion of rate of growth ; the negative induces the opposite 
reaction of diminution of turgor, of contraction, and of 
retardation of rate of growth. Transverse transmission is 
only a particular instance of transmission in general ; 
the only difference is that* the conducting power for 
excitation is very much less in the transverse than in 
Ihe longitudinal direction. Owing to feeble transverse 

conductivity, the transmitted impulse to the distal side 

often remains positive ; it is only under strong or conti- 
nued stimulation that the excitatory negative reaches the 
distal side and neutralises or reverses the previous positive 
reaction. If the distal is the more excitable side, the 

reversed response will appear as pronounced negative. 
1 give a table which will clearly exhibit the effects 
of stimulus on the proximal and distal sides of the 

responding organ. 


TAIJM-: XXI\ . — SHOWINU UKSPONSIVK EFFECTS COMMON TO rCLVINI ANO 
OKOWINM} GROANS UNOER (TNIEATEI'.AL STIMULATION. 


EOVhI of direct stimulation on Effect of indirect Btiimilation on 
proximal side. distal side. 


Diminution of turgor 
CTalviUiomctric negativity 
Contraction and concavity 


Increase of turgor. 
Galvanometrie positivity. 
Expansion and convexity 


When stimulus is strong or long continued, the true excitatory effect is 
conducted to the distal side, neutralising or reversing the first response. 
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The diagram which I have already given (Fig. 98) 
.dearly explains the different tropic effects induced by 
( lianging the point of application of stimulus. We may thus 
have stimulus applied at the responding region itself (Direct 
Stimulation) or at some distance from it (Indirect Stimu- 
lation). The final effect will be modified by the con- 
ducting power of the tissue. 


DIRECT UNILATERAL STIMULATION. 

Type /. — The tissue has little or no pewer of trans- 
verse conduction : stimulus remains localised, the 
proximal side undergoes contraction, and the distal 
side expansion. The result is a positive curvature. 

Type 11 . — The tissue is transversely conducting. Under 
strong and long continued stimulation the excita- 
tory impulse reaches the distal side, neutralising 
or reversing the first effect. 


INDIRECT UNILATERAL STIMULATION. 

Type /. — The intervening tissue is an indifferent con- 
ductor : transmitted positive impulse induces ex- 
pansion and convexity on the same side, thus 
giving rise to negative curvature (/.e., away from 
stimulus). 

Type IL — Intervening tissue is a fairly good conductor ; 
the efl!ect of positive impulse is over-powered 
by the predominant excitatory negative impulse, 
the final result is a concavity and positive curva- 
ture, with movement towards the stimulus. 
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The Collowinf' is ii tabular statement of the ilifll'erent 
effects iniluceil l)y Direct ami [mlirect stimnlatimi. 


lAMLK XXY. — SU()\\IN<; 1)1 KKKKKNrK OK KFKKCTS INDUCKD HY DIKEt'T 
AN'h sriMIM.ATlOX. 


Stimulation. 


Xntiirc of tin* tissno. rin.il (‘ffoot. 


( Ffolilt*) 

Tndiruct 
I liriM-t (Slnuiti,) 

liuJio^ct 


S<‘ini-cori<hu‘tiui; tis'UR*. 
15i‘ttor condm'tin^; tissnt\ 


Positivfi curvature. 
Negative curvature. 
Neutral or negative | 
curvature. 

Negativi* lollovved by | 
positive curvature. 


Tin* results of investigations alri'ady 
ns (o rorinulato the general laws of 
applicable to all forms of stimuli, and 
respomling organs, pulvinat(‘d or growing. 


described, enable 
tropic curvature 
to all types of 


hAVVS OF TROPIC CURVATURE. 

1. (o) DIRECT APPLICATION OF UNILATERAL STIMULUS 

OF MODERATE INTENSITY, INDUCES A POSITIVE 
OR CONCAVE CURVATURE, BY THE CONTRACTION 
OF THE PROXIMAL AND EXPANSION OF THE 
DISTAL SIDE. 

(/>) UNDER STRONC OR LONG-CONTINUED STIMULATION. 
THE POSITIVE CURVATURE IS NEUTRALISED OR 
REVERSED, BY TRANSVERSE CONDUCTION OF EX- 
CITATION : THIS EFFECT IS ACCENTUATED BY 
THE DIFFERENTIAL EXCITABILITY OF THE TWO 
SIDES OF THE ORGAN. 
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2. {a) INDIRECT AUPLICATJOX OF UNILATERAL STIMU- 

LUS OF FEEBLE INTENSITY INDUCM^S A XEOATIVE 
CURVATURE. 

(h) IN A CONDUCT! NO TISSUE THE EXCITATORY 
EFFECT BEING TRANSMITTED UNDER STRONG AND 
LONG (N)ntinup:d stimulation, INDUI^ES A 
POSITIV E CU RV A TU B E. 

It will thus l)(^ S(‘(*ii tl’ilt tlie tropicj elVect is modified by : 

(1) the point of application of stimulus, 

(2) the intensity and duration of stimulus, 

(o) the conducting' ])ow(‘r of tissue in tlie transverse 
direction, 

(4) the relative excitabilities of the proximal and 
<listal sides of the orj'an. 

In the following series of Papers the tro[)ic effects of 
various forms of stimuli will be studitul in (bdail. 


SUMMARY. 


In a serni-conducting tissue Direct stimulation induc(*s 
a diiiiinuti(m of turgor and contraction, Indirect stimula- 
tion inducing tln^ opposite effect of increas(‘ of turgor and 
exjuinsion. 

Unilateral stimulation thus induces a positive curvature 
by the joint effects of contraction at the proximal, and 
'xpansion at the distal sidt^. 

Under strong and long continued unilat(‘ral stimula- 
'i“n, the excitation at the proximal side is tiansmitted to 
he distal side. Transverse conduction thus neutralises or 
'' Verses the normal positive curvature. 
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Sir J. 0. Bosk, 


Assisted hff 


rjURlTPRASANNA DAS. 

In renponse to tlie stimulus of contact a tendril twinei 
round its support. Certain tendrils are uniformly sensitive 
on all sides ; but in other cases, as in the tendril o 
Passi flora, the sensitiveness is greater on the under side 
A curvature is induced when this side is rubbed with : 
splinter of wood, the stimulated under side becoming 
concuvt^ This movement may be distinguished as a mov(^ 
meiit of curling. There is, as I shall presently show, : 
response where the under side becomes convex, and th 
curvature l>econies reversed. 


As regards perception of mechanical stimulus, Pfeffe 
discovered tactile pits in the tendrils C'ucurhitacece, Thes 
pits no doubt facilitate sudden deformation of the sens! 
tive protoplasm by frictional contact. No satisfactory eN 
planation has however been offered as regards the physic 
logical machinery of responsive movement. The difficult 
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i>f explanation of twining movements is accentuated l)y a 
peculiarity in the response of tendrils which is extremely 
puzzling. This anomaly was observed l)y Fitting in tendrils 
which are sensitive on the under side ; 


"‘If a small part of the upper side and at the same 
time the whole of the under side be stimulated, curvature 
lakes place only at the places on the under side which lie 
opposite to the unstimnlated regions of the upper side. The 
srnsitiveness to contact is thus as well developed on the 
upper side as on the under side, and the difference between 
the two sides lies in the fact that while stimulation of the 
under side induces curvature, stimulation of the upper side 
induces no visible result^ or simply inhibits curvaturt^ on 
the under side, according to circumstances.”* 


Here then we have the inexplicable phenomenon of a 
particular tissue, itself incapable of response, yet arresting 
the movement in a neighbouring tissue. 


The problem before us may be thus stated : Is the move- 
ment of the tendril due to certain specific sensibility of the 
organ, on account of which its reactions are characteristically 
different from other tropic movements ? Or, does the twining 
of tendril come under the law of tropic curvature that has 
been established, namely that it is brought about by the 
contraction of the directly stimulated proximal side, and the 
^'Xpansiou of the indirectly stimulated distal side ? 

I shall now describe my investigations on the effects of 
' ^ect and indirect stimulus on the growth of tendril ; I 


Jost— /6i*rf — p. 490. 
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lijivt* ill this i n v(*sti^;it ion stmlied tiio (iflecr not iiieroly of 
in<‘clniiiical, hul also oT i>tiior forms of stimuli. 1 shall also 
tU*snril)‘‘ tin' divrrsi! (■irccts induced by nnadninical st mains 
under dilfcreiit conditions. From the results of these experi- 
nnnits I shall lx*, ahh‘ to show that th<‘ twining of the tendril 
counts under tln‘ j^^einnal law of tropic curvature ; that 
Ihe (uirvatiire results from tin* contraction of the proximal 
and expansion of the distal side. Finally [ shall he able 
lo oiler a satisfactory exiilanation of the inhibition of 
response of 'die t(‘ndril by Ihe stimulation of the o])posite 
side of tin* or<^'an. 


CMNMItAL Et’PR(!TS OF rNDIHECT AND DIRECT ELECTRIC 
STlMt'LATION ON THE CROVVTII OF TENDRIL. 

h’or this (*\p(*rinn‘iit I took a ^rowin^' tendril of 

Ciii'iirhiUi in which tln^ sensitiveness is 
more or less uniform on all sides. The 
tt‘iulril was suital)ly mounted on tln^ 
balanced Cresco^n-aph, which records the 
variation of the rate of growth induced 
by immediate and after-effect of 
stimulus. The specimen is held in a 
clamj) as in tin* diagram (Fig. 10!^), 
the tij) being suitably attached to the 
r<*cording lever. For indirect stimulation 
feeble shock from an induction coil is 
applieil at the two electric connections 
Kucurj- 1 iagiMuiiiKitio below the clamp. Direct stimulus is 
of iiuiiroct applied by iiieaiis of eh‘ctric connections 

nnd (linn. imuhn ion (tl i i .i i i 

, , one above and the other below the 

teiuinl. 

clamp. 
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Kjf'eci of Indirect 



Kk;. lO.‘i. — Record by MeLbod 
uf Jialance, showing accelera- 
tion of growth of tendril (up- 
curve) induced by indirect sti- 
iimlatioii. ((fucurbita.) 


Stiwu/na : Keper intent 100 , — Tho 
i^rowth of the tendril was t‘xactly 
halancetl, and the record became 
liorizontal. Indirect stiiniihis was 
next applied below the clain[) ; this 
is seen to upset the balanci*, with 
the resultin" up-canvo which 
indicates a sadden accideration of 
growth above the normal. This 
acceleration took place williin ten 
seconds of the application of 
stimulus, and persist(ul for thr(M‘ 
minutes; after this the normal rat(^ 
of growth became restored, as seen 
by the balancinl record once more 
becoming horizontal (Fig. JOI)). 


h'jffecf of Direct Stininlus : Krperitttent 107, — Tin* in- 
cipient contraction induced by direct stimulation is so 
giM‘at that the record obtained by tin* delicate method of 
balance cannot be k(*tu within the plate. I, tinu'efon*, 

took the ordinary growth-cnrvi^ on a moving plati*. The 
lirst part of tln^ curve r(‘presents normal growth; stimulus 
of feeble electric shock was appliiul at tin* liigln*st point of 
I he curve. This is seen (Fig. It)4) to induce an imm(‘diate 
contraction and r(‘versal of the curve which p(‘r-;ist(*d for 
wo and half minutes, after which growth was slowly 
'•cm‘wed. TJie most interesting fact reganling tlni afler- 
IVect of stimulus is that the rate of growth became actually 
nhanced to three times the normal. This is clearly seen 
11 the record (upper half of the figure) taken 20 minutes 
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after stimulation, where the curve is far more erect than 
that of the normal rate of growth before stimulation. 



KhJ. 101, — Vii rial ion of growth induced by direct Htiiuuiiition. First part of the 
nirve sliows normal rate of growth. Dii-ecl stimulation induces contraction (reversal 
of curve). After-effect of atimulus seen in highly erect curve in upper part of record, 
taken *20 minutes after. 


The ett’ects of Indirect and Direct atimulation of the 
tendril are summarised below : 

(1) Indirect stimulation induces a sudden enhancement 
of rate of growth, followed hy a recovery of the 
normal rate. 
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(2) Direct stimulation induces a retardation of the rate 
of growth which may culminate into an actual 
contraction, 'rhe after-offect of direct stimulus of 
moderate intensity is an enhancement of the rate 
of tjrowth. 

The experiments described above demonstrate the etlects 
ot direct and indirect electrical stimulus. I shall now 
proceed to show that mechanical stimulus induces effects 
which are similar to those of electric stimulus. 


EFFECTS OP DIRECT AND INDIRECT MECHANICAL 
STIMULUS. 

Effect of Direct mechanical stimiUus : Kxintrimenl lOS . — 
In this case I took a tendril of Gucurhita., and attached 
it to the ordinary High Magnitication Crescograph, the 
rt‘Cord of which gives the absolute rate of its normal 
growth, and the induced variation of that rate. The tendril 
was stimulated mechanically by simultaneous friction of its 
different sides. The immediate efl'ect was a retardation of 
growth, the reduced rate being less than half the normal. 
There was a recovery on the cessation of the stimulus; the 
rate of growth was even slightly enhanced after an interval 


TABLE XXVI. — SHOWING THE IMMEDIATE AND AFT EK' EKE EOT OK MECHA- 
NICAL STIMULATION ON TENDRIL {Cacurbita). 


Nonnul rate of growtli ... ... ... 0*44 M per sec. 

Retarded rate iinniediately aftt^r stimulation ... 0*20 „ „ 

Recovery aiul eidjancement after 15 iniiintes ... 0*50 y ,, ,, 


'f 15 minutes. Table XXVI shows the immediate and 
ifter-effects of mechanical stimulation on growth. 
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Tho iniiin‘ lint;* jukI ;irter-(^(fect8 of in jc'iaiiical stimulus 
on tin* ten Iril are tli ‘i* ‘fore the sum* as that of eloctrie. 
stimulus. The inei]>ieni contraction umh‘r direct mechani- 
cal stirniiliis, mor *over. is not the sp.'cial characteristic of 
temlrils, l)ut of ^n*o\vin.i( plants in i^eneral. For I hav * 
sliown ( pai'e that the growth of tiowor stalk of 

is also rtdarded after nie3hauic.il friction, 
from the jiornial rate* ()*4S fj, to 0*1 1 fx after stimulation. We 
shall find later that dilferent plant origans, after moderate 
stimulation, exhihit ac(;eleration of growth as an after- 
(dfect. The phen(nn*nou of responsive reaction of temlril 

is ther(^for(i not uiii(|ue. hut similar to that of other organs 
under all forms of stimulation. The only speciality in 

tendril is that owing to anatomical ]> ^culiarities, the percep- 
liv(* pow(*r of till* organ for mechanical stimulus is highly 
developed. 

W(* are now in a position to oiler an explanation of 

th(i iniluciul conoavdty of the stimulated siile of the tendril, 
and its rt'covery after brief contact. The experiments that 
havi^ been ih'scribe I show that : 

(1) the proximal side contracts because it is tlirectly 
stimulati*d, and the distal side, being indirectly 
stimulated, i'xpands ; the curvature is thus due to 
the joint etfects of contraction of one side, and 
«*xi)aii><io.i of the opposite side, and 
the recovery of the tendril after brief contact is 
hasit*iie(l by the after-elfect of stimulus, which 
is e\j)ansion ami acceleration of growth. 

The results given above will also he foaii I to explain 
Fitting’s import'uu observations* that (a) tlu* stimulated 
siile of the temlril umlergoes transient contraction with 
subsequent ae.celeratioii. of growth, and that (/>) the distal 
or coive v si I * un I *rgo ‘s an imine liat.* enhancement of 
growth. 


" rtVtfcr— Ill, p. 57. 
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I give below a record given by a tendril of Cuciirhltd 
ill response to unilateral contact of short duration (Fig. 105). 
Successive dots in the record are at intervals of three 
seconds. The latent period was ten seconds, and the rnaxi- 



Fia. lOo. — Positive curvature of temlril of Cucurhita uiidor unilateral stimulus of 
contact at x . 


mum curvature was attained in the course of two and a 
half minutes. The curvature persisted for a further period 
of two minutes after which recovery was completed in the 
course of 12 minutes. Feeble stimulation is attended by 
a recovery within a short period, but under strong stimulus 
the induced curvature becomes more persistent. 


INHIBITORY ACTION OF STIMULUS. 

I have referred to the remarkable observation of Fitting 
that though the application of stimulus on the upper side 

21 
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of the tendril of Pass^ijlora did not induce any response, 
yet it inhibited the normal response of the under side. 


The results of experiments which I have described will, 



Fia. 10(5.— Dingramniatic re- 
proHtMitation of effect fl of In- 
direct and Direct unilateral 


however, afford a satisfactory ex> 
planation of this curious inhibition. 
It has been explained, that the 
curvature of the tendril is due to 
the joint effects of diminished 
turgor and contraction at the 
directly stimulated side, and an 
enhancement of turgor and ex- 
pansion on the opposite side. In 
the diagram seen in figure 106, 
the left is the more excitable side, 
and contraction will induce con- 
cavity of the stimulated side. But 
if the opposite or less excitable side 
of the tendril be stimulated at the 
same time, then the transmitted 
effect of indirect stimulus will 


stimulation the tendril. 

Indirect stimulation, I, induces 
movement away from stimulated 
side (ncjjative curvature) repre- 
sented by continuous arrow. 
Direct stimulation, D, induces 
movement towards stimulus 
(positive curvature) indicated 
by dotted arrow. 


induce enhancement of turgor and 
expansion on the left side, and 
thus neutralise the previous effect 
of direct stimulus. An inhibition 
of respoiiS(‘ will thus result from 
the stimulation of the opposite 
si tie. 


A difficulty arises here from the fact that the upper 
side of the tendril (the right side in Fig. 106) is supposed 
to be inexcitable and nou-contractile. Hence there may be 
a misgiving that the stimulation of the non-motile side 
may not induce the effect of indirect stimulus (an 
increase of turgor and expansion) at the opposite side, 
which is to inhibit the response. But I have shown that 
even a non-contractile organ under stimulus generates both 



TWINING OP TENDRFLS 


297 


the impulses, positive and negative. This is seen illustrated 
in figure 100, where the rigid stern of Mimosa was subjected 
to unilateral stimulation ; the effect of indirect stimulus was 
found to induce an enhancement of turgor at the diametri- 
cally opposite side, and thus caused an erectile movement of 
the motile leaf. Electric investigations whicli I have carried 
out also corroborate the results given above. Hero also 
stimulation of a noii-motile organ at any point, induces 
at a diametrically opposite point, a positive electric varia- 
tion indicative of enhanced turgor. It will thus be seen 
tliat inhibition is possible even in the absence of contraction 
of the ui)oer side of the tendril ; hence tlui coutracLion of 
the ilirectly stimulated side is neutralised by the effect of 
indirect stimulation of the distal side. 


IIESPONSK OP LESS EXCITABLE SIDE OF THE TENDRil.. 

It is generally supposed that the upper side of tlie 
tendril of Passijlora is devoid of contractility. This is how- 
ever not the cas(5, for my experiments show that stimula- 
tion of the upper side also iiiduc('s contraction and con- 
cavity of that side, though the actual movement is rela- 
tively feeble. 

Experiment 109, — In order to subject tbo (luestioii to 
(luantitative test I applied feeble stimulus of the same 
intensity on upper and lower side alternately. Successive 
stimuli were kept more or less uniform by (unploying the 
following device. I took a Hat strip cf wood 1 cm. in 
breadth, and coated 2 cm. of its length with shellac varnish 
mixed with fine emery powder. On drying the surface, 
became rough, the flat surface was gently pressed against 
the area of the tendril to be stimulated, and quickly 
drawn so that the rough surface 2 cm. x 1 cm. was rubbed 
against the tendril in each experiment. Stimulation, thus 
produced, induced a responsive movement of each side of 

24 A 
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the organ. The extent of the maximam movement was 
measured by the microscope micrometer. The following 
results were obtained with four different specimens. 


I’AHT.F; XXVII.— SllOWIXd ihe rki.ativk intensitiks of responses ok the 
ei'PlOi ANO SIDE OK TENDIllL {PdXi^lflora). 


indiicod hy 

Movoioent induced by 

Ratio - . 

Htiimilati<Mi of niidor 

stiimilatioii of upper 

sido, A. 

side, B. 

A 

( 1 ) So divisions ... 

id <livisi«)UK ... 1 

i l/<‘> 

(2) lf)ti 

15 „ ' 

: 1/7 

C^) OO 

H 


(4) HO 

10 

1 1/8 

1 


It will thus be seem that the upper side of the tendril 
is not totally inexcitabh^ its power of contraction being 
about one-seventli tliat of the under side. 


NE<JATIVB CMTUVATtniE OF THE TENDIUF,. 

I shall now descril)e certain remarkable r(‘sults which 
show that under certain definite eruditions the tendril 
moves away from the stimulated side. I have explained, 
how in growing organs the effect of unilateral stimulus 
longitudinally transmitted, induces an expansion higher up 
on the same side to which the stimulus is applied, re- 
sulting in convexity and movement away from the stimulus 
(cf. Laws of Tropic Curvatures, p. 28G). As the reaction of 
tendril is in no way ditfereiir. from that of growing 
organs in general, it occurred to me that it would be 
possible to induce in it a negative curvature by application 
of indirect unilateral stimulus. 
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Experiment 110 , — A tendril of Passiflora waft held in 
a clamp, as in the diagram (Fig. liHi) in which the left 
is the more excitable side of the organ. The responsive 
movement of the tendril is observed by focussing a read- 
ing microscope on a mark on the upper part of the 
tendril. Direct mechanical stimulation at the dotted 
arrow makes the tendril move in the same direction, the 
response being poi^itive. But if stimulus be applied on 
the same side below the clamp the tendril is found to 
move away from stimulus, tlie response being now 
This reversal of response, as previously stated, 
is due to the fact that the transmitted elfect of indirect 
stimulus induces an acceleration of growth higher up on the 
same side, which now becomes convex. The result though 
unexpected, is in every way parallel to tin' response of the 
flower bud of Crinuni^ in which the normal positive res- 
ponse was converted into negative by changing the point 
of application of stimulus, so that it became indirect (p. 
21 b). 


SUMMARY. 

The response of tendril is in im way dill'erent from 
I hat of growing organs in general. 

Direct stimulus, electrical or mechanical, induces an inci- 
pient contraction ; the after-effect of a feeble stimulus is an 
acceleration of growtii above the normal. Indirect stimulus 
induces an enhancement of the ralf of growth. 

Under unilateral mechanical stimulus of short duration 
the directly excited proximal side undergoes contraction, 
the indirectly stimulated distal side exhibits the opposite 
effect of expansion. The induced curvature is thus due 
to the joint effects of the contraction of one side, and the 
expansion of the opposite side. 
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As the after-eflect. of direct stimulus is an acceleration of 
i^rowth above the normal, the stimulated side undergoes an 
expansion by which the recovery is hastened. 

Unilateral application of direct stimulus induces a posi- 
tivp curvature, but the same stimulus applied at a 
distance; from the res])onding region induces a negative 
curvature. 

The t(Mulril of is excitable both on the upper 

and un<l(U- si(h‘S ; the excitability of tlie under side is 
ai)out seven times great(‘r than that of the upper side. 

Stimulation of one side of the tendril induces an ex- 
pansion of the opposite side, even in cases where the con- 
tractility of the stimulated side is feeble. 

The response to stimuJatiou of the more excitable side 
of the tendril is thus inhibited by the stimulation of the 
opposite side. This is because of the neutralisation of the 
eifect of direct by tliat of indirect stimulation. 



X XVII.- ON GALVANOTROPISM 


By 

Sir .T. 0. Bosk, 

As^ii^ted hy 

Guruprasanna Das. 

Before de^scribing the effect of unilateral application 
of an electrical current in inducing tropic curvature, I 
shall give an account of the polar effect of anode and 
cathode on the pulvinated and growing organs. In my 
previous work * on the action of electrical current on 
sensitive pulvini I have shown that : — 

(1) at the ‘ make ’ of a current of moderate intensity 
a contraction takes place at the cathode ; the 
anode induces no such contractile effect ; 

(2) at the ‘ make ’ of a stronger current both the 
anode and cathode induce contraction. 

I have also carried out further investigations on the 
polar effect of current on the autonomous activity of the 
leaflet of Desinodiuin gyrans. These rhythmic pulsations 
can be recorded by rny Oscillatirig Recorder. Each pulsa- 
lion consists of a sudden contractile movement downwards, 
corresponding to the systole of a beating heart, and a 
slower up movement of diastolic expansion. Application of 


'^“Irritability of Plants.” p. 21t^. 
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cathode at the pulviiiule was found to exert a contractih 
reaction, exhibited either by the reduction of normal limit 
of diastolic expansion, or by an arrest of movement at 
systole. The effect of anode was precisely the opposite ; 
the induced expanmm was exhibited either by reduction 
of normal limit of systolic contraction, or by arrest of 
pulsation at diastole. 

From the above results it is seen that with a feeble 
(Uirrenl : 

(1) contraction is induced at the cathode, and 

(2) expansion is brought about at the anode. 

These effects take place under the action of a feeble 
currimt. Under strong currents, contraction takes place 
both at the anode and the cathode. 


POliAR EFFECT OF ELECTRICAL CURRENT ON GROWTH. 

Tlie object of this investigation was to determine 
whether anode and cathode exerted similar discriminative 
and opposit ‘ effects on growth. For this experiment I 
took a spt^cimeii of Kijnuor and determined the region 
where growth was maximum. A piece of moist cloth was 
wrapped round this region to serve as one of the two 
electrodes. The second electrode was placed in th^ 
neighbouring indilferent region wherai there had been a 
cessation of growth. 

Effect of Cathode: Experiynent 111 . — The particular 
specimen of Kysoor had a normal rate of growth of 
0*4«S iji per second. On application of the cathode the rate 
was reduced to 0*14 /ut per second, or to less than a third. 
This will be seen in record (Fig. 107), where N is the 
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normal rate of growth and K, retarded rate nnder the 
action of the cathode. 




107 Fitr. 10;^^. 

Fit;. 107.— lletardation of rate of growth under the action of cabliode {Kf/f<oor), 
Fl(;.l08 — Acceleration of rate of growth under anotle {Kynoor). 


Effect of anode : Experiment 112,— li the cathode in- 
duced a retardation, the anode might be expecttMl to induce 
an acceleration of growth. But in my first experiment 

<>n the action of anode, I could detect no percepti])le 
variation of rate of growth. In trying to account for this 
tail lire, I found that the specimen employed fur the experi- 
ment had normally a very rapid rate of growth. It 
'}ipeared that an induced acceleration would be brought 
• ut more conspicuously by choosing a specimen in which 
be growth-rate was low, rather than in one in which it 
as near its maximum. Acting on this idea, I took 
Jiother specimen of Kynoor in which the normal rate was 
^ slow as (hlO fi per second. On applying the anode 
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to the growing region, there was an enhancement to one 
and half times the normal rate (Fig. 108). 


table XXVIII. — EFFECT OF ANODE AND CATHODE ON (JROWTH 
(Kysoor). 


1 Specimen 

( 

A 1 

1 

Normal rate 

O' 10 fi per sec. 

1 


Acceleration under anode ... 

i ' 

I 0*165 ft per sec. 

: 

Specimen 

B 

Normal rate 

0 48 /i. per sec 

1 


Retardation under cathode 

0* 1 4 /A per sec. 



The effects given above take place under the action 
of a feeble current. Strong current on the other hand 
induces a retardation or an arrest of growth. 

I have in the above experiments demonstrated the 
normal effect of anode in in lucing expansion and accelera- 
tion of rate of growth ; the cathode was shown to induce 
contraction and retardation of growth. Unilateral applica- 
tion of anode and cathode thus induces appropriate curva- 
tures in piilvinated and in growing organs. 

SUMMARY. 

The elL’ects of an electric current on growth is modi- 
fied by the direction of current. A feeble anodic current 
enhances the rate of growth ; a cathodic current on the 
other hand induces a retardation of the rate. Strong cur- 
rent, both anodic and cathodic, induces a retardation. 



XXVIII.— ON THEKMONASTK’ PHENOMENA 


By 

Sir J. 0. Bose, 

Assisted by 

Surbndra Chandra Das. 

In describing thermonastic curvatures PfefTer says that 
“ a special power of thermonastic response has been 
developed by various flowers, in which low temperatures 
produce closing movements, and high temperatures, open- 
ing ones. The flowers of Crocus vernus and Crocus luteus 
are specially responsive, as also those of Tulipa Gesner- 
iana for these flowers perceptibly respond to a change of 
t^pmerature of half a degree centigrade. 

We have hitherto studied the response of various organs 
(n stimulus ; we have now to deal with the eft’ect of 
thermal variation. Does rise of temperature act like other 
terms of stimuli or is its action dilferent ? We have 
therefore to find : 

(1) The physiological effect of variation of temperature. 

(2) Whether thermonastic irritability is confined only 

to certain classes of organs, or is it a pheno- 
menon of very wide occurrence ? 

(3) Whether variation of temperature induces in aniso- 

tropic organs only one type of response, or two 
types, positive and negative. 


Pfeifer— Vol. Ill, p. 112. 
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(4) The law which determines the direction of respon- 
sive movement. 


EFFECT OF HTSE OF TEMPERATURE. 

As rei^ards the elfect of rise of temperature we havt* 
seen tliat, within normal limits, it induces eKpansion and 
acccderatioii of the rate of growth. Stimulus, on the other 
hand, induces precisely the opposite effect. Hence tin 
])hysiological reaction of steady rise of temperature is, 
generally speaking, antagonistic to that of stimulus. Thi> 
conclusion is supported by numerous experiments which 1 
have carried out with various plant organs. Example of 
this will be found in the present and subsequent chapters. 

DIFFERENT TIIERMON ASTIC ORGANS. 

The only condition requisite for the exhibition of 
response is the differoiitial excitability of an anisotropic 
organ. It is therefore likely to be exhibited by a larg(‘ 
variety of plant organs, such as pulvini, petioles, leaves, and 
flowers, and iny results show that this is actually the case. 
This jiarticular sensibility, moreover, is not confined to 
delicate structures, but is extended to rigid trees and their 
branches. 

Before i)roceeding further, it is necessary to dra^^ 
aiiention to the confusion which arises from the us^ 
of the common prefix '‘thermo^ in thermonascy am* 

tliermo-tropism. With regard to this Pfeffer says “ 1 
is not known whether radiated and conducted hea^ 

exercise a similar thermotropic reaction. I shall shov 
that the reactions to radiant heat, and to conducted hea; 


Vol. Ill, p. 177. 
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rise of temperature) are of opposite character, radiation 
inducing contraction, and rise of temperature, expansion, 
it is therefore advisable to distinguish the thermal, or 
1 temperature effect, from the radio-thermal effect of infra- 
red radiation. 


TWO TYPES OF RESPONSE. 

As regards the effect of variation of temperature I 
diall proceed to show that there are two distinct types, 
wliich I shall, for convenience, distinguish as the Ponitire 
ind Nogatlve. 

Positive thermonastic reaction is exhibited by organs in 
vliich the upper half is the more excitable. Response to 
rise of temperature is by downward or outward luovo- 
iiient. In floral organs this finds expression by a move- 
iiuMit of opening. In illustration of this may be cited the 
\amples of the well known Crocus and also of Zephij- 
routhes. 

Negative thermonastic movement is shown by organs in 
which the lower half is the more excitable. Here the 
|•es[)onse to rise of temperature is by an u/fU'urd or inward 
iiioveinent. I shall show that an example of this is 
liimishe<I by the flower of NynipJuea which closes under 
nse, and opens during fall of temperature. 

POSITIVE THERMONASTIC RESPONSE. 

Hef'jjonse of Zephyraiithes : Krpcrbnent llo . — Viewed 

the top, the inner side of the petal of a ilow(*r is 
upper side. The Crocus flower under rise of teinper- 
''ure opens outwards by expansion of the inner side, which 
" ust be the more excitable. As Crocus was not available 

Calcutta, I found the flower of Zephyranthcs fsome- 
ues called the Indian Crocus) reacting to variation of 
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temperature in a- manner similar to that of Gtocus^ that is 
to say, the flower opens under rise and closes with a fall 
of temperature. For obtaining record all the perianth 
segments but one was removed. This segment was attached 
to the recording lever. On lowering of temperature through 
there was an up-movement, or a movement of closure* 



Fig. -Tliermonastic and radionastic responaes of petal of Zephfjrantk^f 

C, closing movement due to cooling, and H, opening movement due to warming. 
II, closing movement due to heat-radiation. Note opposite responses to rise m 
temperature and to thermal radiation. 

Rise of temperature induced, on the other hand, a movemeiii 
of opening. 

Effect of thermal radiation : Experiment 114 . — I stated 
that the effect of thermal radiation acts as a stimulus, 
inducing a reaction which is antagonistic to that of rise 
of temperature. In verification of this, I subjected the 
specimen to the action of infra-red radiation acting from 
all sides. The result is seen in the responsive movemen* 
of closure (Fig. 109 R). These experiments demonstrat« 
clearly that the responses to rise of temperature and 
thermal radiation are of opposite signs. 

As a movement of closure was induced by the diffuse 
stimulus of thermal radiation, it is evident that this mus 
have been brou.ght about by the greater ooutraction of th^ 
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:nner half of the perianth ; hence the inner half of the 
jrgan is relatively the more excitable. 


NEGATIVE THERMONASTTC REf^PONSE. 


JResponse of Nymphaea : Kxppviment 115 . — Many of the 
Indian Nymphtracea* have their nopals and petals closed 



Fig. 110.— The Thermonastic Recorder. T, metallic thermometer attached to 
he short arm of the upper lever; the specimen of Nymphfta^ N, has one of its 
. f rianth leaves attached to the short arm of the second lever by a thread. C> 
"ckwork for oscillation of the plate 

luring the day, and open at night. I find that the 
'•'Tiantb leaves of this flower are markedly s risitive to 
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vdriatiou of temperature. The Thermonastic Recorder em- 
ployed in this inveslicfation is shown in figure 110, The 
record given in figure 111 shows that the perianth seg- 
ment, subjected to a few degrees* rise of temperature, 
responded by an up-inovement of closure, due to greater 
expansion of the outer half. The latent period was f> 
seconds, and tin? maximum effect was attained in th^* 
further course of 21 seconds. This experiment shows that 
the thermonastic response ot this flower is of the negative 
type, 

Effect of atimulufi : Experiment /i6*.~In the positive 
type of thermonastic organs, where rise of temperature 
induced a movement of opening, stimulus induced the oppo- 
site movement of closure (Expt. 111). We shall now study 
the eilect of stimulus on th'> movement of NympJicea, 
which undergoes closure during rise of temperature, as seen 



Fuo 111 — Negative thermonastic response of Nijmphua. Appliration ot 
warmth at the vertical mark induced up*moveinent of closure, but stimulus ot 
electric shock at arrow induced rapid excitatory down movement of opening. 
Successive dots at intervals of a second. 


in the first part of the record in figure IH. Stimulns ol 
electric shock was applied at the point marked with an 
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irrow; the response is seen to be by a movement of 
opening. Here also we find the effects of rise of teinper- 
utiiro and of stimulus to be antagonistic to each otiier. 
riiis will be clearly seen in the tollowing tabular state- 
ment. 


I'AULE XXIX. — SHOWlNi; THE EKKE(T OF RISE OK TEMKEUATURK ANO 
OF STIMULUS ON TH KKiMONASTIC OIKJANS. 



Ktfeet of rise of teiiiperatiiro. 

KITect of slimn- 

SpuciiiK-ii. 

lus. 

Xe/ihtfranthfa 

Moveiiiciit of opiuiing 

Movemt-iit of 1 

(positive type). 


e lost in*. 1 

Ntfinphaa (nega- 

I Movement of elosiire 

Movement of | 


tivo type)- ! opoiiiiig. 


In Nymphwa it is the outer side of the perianth that 
is relatively the more excitable since iliffuse electric 
stimulus induces a movement of opening due to th(i 
greater contraction of the outer side. It is by the greater 
•‘xpansion of this more excitable side that the movement 
of closure is elTected during rise of temperature. 

From the ri*sults of experiments given above we arrive 
ai the following : — 

LAW OF THERMO NASTIC REACTION 

RISE OF TEMPERATURE INDUCES A CREATER EXPANSION 

THE MORE EXCITABLE HALF OF AN ANISOTROPIC ORGAN. 

SUMMARY. 

Thermoiiastic movements are iiuluceil by tin* ditferen- 
' al physiological elfect of variation of temperature on the 

0 halves of an anisotropic organ. 


25 
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Rise of temperature induces greater expansion, and 
enhancement of rate of growth of the more excitable half 
of the organ ; lowering of temperature induces the oppo- 
site effect. 

Two types of thermoiiastic movements are met with, 
the pofiitioe exhibiting a movement of opening during rise 
of temperature ; in these the inner half of the organ is 
relatively the more excitable. Example of this is seen in 
the Crocus and in ZephifrcDithes. 

In the negative type, rise of temperature induces a 
movement of closure. Here the outer half of the organ 
is the more excitable. The flower of Nympheea belongs 
to this type. 

The effect of stimulus is antagonistic to that of rise 
of temperature. In positive thermonastic organs stimulus 
induces a movement of closure ; in the negative type it 
induces a movement of opening. 



XXIX.— ON PHOTOTROPISM 


Bu 

Sir J. G. Bosk. 

In different organs of plants the stimulus of light in- 
duces movements of an extremely varied character. Radial 
organs exhibit tropic movements in which the position of 
(‘(piilibrium is definitely related to the direction of incident 
stimulus. Nastic movements under the action of light are, 
on the other hand, regarded as curvatures of the organ 
which show “no relation to the stimulus but is determined 
l)y the activity of the plant itself”.* There are thus 
two classes of response to light which seem bo be unrelat- 
ed to each other. Returning to the directive action of 
light, radial stems often bond towards the light, while 
certain roots bend away from it. It may be thought that 
this difference is due to specific difference of irritability 
between shoot and root, the irritability of the former being 
of a positive, and of the latter, of a negative character. 
Ihit there are numerous exceptions to this generalisation. 
fhTtaiii roots bend towards the light, while a stem, und(;r 
diffex’ent circumstances, moves towards light or away from 
it. Again an identical organ may exhibit a positive or a 
licgative curvature. Thus the leaflets of Mi mom pxidica 
acted on by light from above fold upwards, the photo- 
bmpic effect being imsitive. But the same leaflets acted on 
by light from below exhibit a folding upwards, the photo- 
fopic effect being now negative^ Effects precisely the 
pposite are found with the leaflets of lUitphgtnm and 
iverrhoa. They fold downwards whether light acts from 

23 A 
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al)Ove or below. Finally, a radial organ is found to exhi- 
bit under light uf increasing intensity or duration, a posi- 
tive, a dia-i)hototropic, or a negative phototropic curvature. 

In these circumstances the theory of specific positive 
and negative irritabilities is untenable ; in any case, it 
throws no light on the phenomenon of movement. The 
difiiculties of the problem are thus clearly stated by 
J^fefi’er : “ When we say that an organ curves towards a 
source of illumination, because of its heliotropic irritability 
and we are simply expressing an ascertained fact in a 
conv(‘ni(mt]y abbreviated form, without explaining why 
such cur vatu n' is possible or how it is produced . . . . 
Many observers have unfortunately devoted their attention 
to artificially classifying the phenomenon observed, and 
have entir dy ]U‘glected the explanation of causes under- 
lying them.*’* 

COMPLEXITY OK PROBLEM OF PHOTOTROPIC REACTION. 

Th(} complexity of phototropic reaction arises from the 
summatcMl etl’ects of numerous factors ; for explanation of 
tin* resultant res])onse it is therefore necessary to take 
full account of the individual effect of each of them. 

Ainong tlu^se operative factors in phototropic reaction 
juay be mentioned : — 

(1) The <lilference of effects induced by light at thr 
proximal and distal sides of tlie organ. 

{ 2 ) The inodilicutiou of the latent period with tht 
intmisity of stimulus. 

(3) The after-etfect of stimulus. 

(4) The mollifying influence of tonic condition oi 

response. 

(5) The effect of direction of light. 


Pfeffer VoL IT, p. 74 
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(6) The etlect of intensity of li"ht. 

(7) The effect of duration of stimulation. 

(S) The transmitted effect of li^ht. 

(9) The effect of unequal excitability in ditferent 

zones of the organ. 

(10) The effect of transverse conduction in modifica- 

tion of the sign of response. 

(11) The effect of temperature on phototropic action. 

(12) The modification of response due to differential 

excitability of the organ. 

(Ill) Nastic and tropic reactions. 

(li) The torsional elfect of light. 

The sketch given above will giv(‘ us soiii(‘ idea of tlui 
eonipU^xity of the problem. In this and in the following 
papers I shall describe the investigations I have carried 
out on the subjects detailed above. 


ACTION OF LIGHT. 

I have shown that there is no essimtial dilferenc(^ 
l)i*tween the responses of pulvinated and growing organs, 
that diniinutioii of turgor induceil by stimulus brings 
al>oiit contraction in the one, and retardation of tln^ rati^ 
of growth in the other. Indirect stimulation, on tlu^ other 
hand, induces an expansion and acceleration of th(‘ rate of 
^u’owth. The experimental investigation on the tropic elfi^ct 
'>f light may therefore be carried out both with pulvinated 
Gid growing organs. 

As regards the effect of direct stimulus of light on 
"rowing organs we found (p. 208) that it induces an iii- 
' •})ient contraction, se(*n in diminution of the rate of growtli ; 
Ids incipient contraction culminates in an actual contrac- 
‘‘H under increasing intensity of light. The contraclioii 
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under direct stimulation is also observed in pulvinated 
organs. When light acts from above the upper half of 
the pulvinus undergoes contraction, resulting in erection of 
the motile leaf or leaflets. As regards the effect of in- 
direct unilateral stimulus of light on the distal side of the 
organ, we found that its effect is an enhancement of 
turgor (p. 281). Hence the positive tropic curvature under 
light is brought about, as in the case of other forms of 
stimuli, by the contraction of the proximal, and expansion 
of the distal sides of the organ. 

Various analogies have been noticed between phototro- 
pic and geotropic reactions, and it has been supposeil 
that the two phenomena are closely related to each other. 
This has even led to assumption that there are photo- 
tropic particles which function like statoliths in geotropic 
organs. There is, however, certain outstanding ditference 
between the two classes of phenomena. In the cfise of 
light, the incident energy is entirely derived from the 
outside. Hut in geotropisin, the force of gravity by itself 
is ineffective without the intervention of the weight of 
cell-contents to exert pressure on the sensitive ectoplasm, 
and thus induce stimulation. This aspect of the subject 
will be treated in greater detail in a subsequent chapter. 


POSITIVE PHOTOTROPIC CURVATURE. 

I shall now describe the phototropic effect of unilateral 
light in pulvinated, and in growing organs. From the 
explanation that has already been given, it will be under- 
stood that the side of the organ directly acted on by 
light undergoes contraction and concavity. 

Tropic curvature of pulvinated organs : Experiment 
//7.— For this experiment I employed the terminal leaflet 
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of the bean plant. The source of illumination was c.p. 
electric lamp, enclosed in a metallic tube with circular 



Ki<}. 112. — Successive pOBilive responses of the terminal leafiet of bean. Light 
applied from above for 20 seconds : complete recovery in 8 minutes. 


aperture for passage of light. The leaflet was attached to 
an Oscillating llecorder. Light was applied on tlie upper 
liulf of the pulvinus for 20 seconds; this induced an up- 
niovement of the leaflet, due to the contraction of the 
dpper half of the organ. Recovery took place in course 
"f' 8 minutes (Fig. 112). 


POSITIVE PHOTOTROPIC CURVATURE OF CROWING 
ORGANS. 

of moderate sthmilatum : Experiment 118, — I shall 
i^eseutly show that the intensity of phototropic reaction 
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depends on the intensity and duration of the incident 
light. A moderate and effective stiiriulation may thus be 
produced by short exposure to strong light. For my 



Fi.}. ii;{. Km. 114. 

Fkj. M.’l. -Positivo cnrvatiin* umler modersito pliototropic at iiiiulfition. Xoi<‘ 
complete recMvery {Di fqea). 

Km. 114. — IV-sistent positive curvature under stronger stiniiilation {Dregva). 

present experiment I took a stem of Dregoa voluhilis, and 
applied light from a small arc lamp to one side of the 
organ for 1 minute ; this induced a positive curvature 
followed by complete recovery on the cessation of light 

(FigL u:]). 

Effect cf st?'Ofig stimulation : Experiment 119, — Aftei 
recovery of the stem of the last experiment, the samt 
light was applied for 5 minutes. It is seen that tip 
curvature is greatly increased (Fig. 11 I). Thus the photo 
tropic curvature increases, within limits, with the duratiot 
of stimulation. The curvature induced under stronge 
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if iniulation remained more or less persistent. In certain 
instances there was a partial recovery after a considerable 
length of time ; in others curvature was fixed by growth. 


PHENOxMENON OP RECOVERY. 

On the cessation of stimulus of moderate inteiivSity the 
heliotropically curved organ straightens itself ; similar 
(‘tfecls are also found in other tri*pic curvatures. Tbus 
a tendril straightens itself after curvatiiri^ iuducc'd hy con- 
tact of short duration. The theory of rectipitality luis 
l)(‘en proposed to account for the r<^covery, which assurn(‘S 
I he action of an unknown regulating power by which the 
organ is brought back to a straight line ; but b(‘yond 
the assumption of an unknown specific pow(‘r, the 
(heory affords no explanation of the mechanism by 
which this is brought about. 

The problem before us is to find out the means by 
which the organ straightens itself after brief stimulation. 
It will also be necessary to find out why thert‘ is no 
recovery after prolonged stimulation. We have tlius to 
investigate the after-effect of stiinulus of various iiiteiisitics 
on growth, and the Balanced Method of recording Growth 
offers us an unique op])ort unity of studying the character- 
i'^tic after-effects. 

rMMRDIATE AND APTER-EB^FECT OP LKJHT ON (iROWTIf. 

As regards the etfect of light I have already shown : 

(1) that a sub-minimal stimulus induces an accelera- 

tion of growth, but under long continued 
action the acceleration is converted into 
normal retardation (p. 22.')), 

(2) that a stimulus of moderate intensity induc(iS the 

normal retardation of the rate of growth. 
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It is evident that there is a critical intensity of stimu- 
lus, above which there is a I'etardatiou, and below which 
there is the opposite reaction of acceleration. This criti- 
cal intensity, I have found to be low in vigorous speci- 
mens, and high iji sub-tonic specimens. Thus the same 
intensity of stimulus may induce a retardation of growth in 
specimens the tonic condition of which is ahov'i par, and 
an acceleration in others, in which it is heloiu par. The 
following experiments will demonstrate the immediate and 
after-effect of light of increasing intensity and duration. 

Effect of light of moderate intensity: Experiment 120 . — 
Th(i sources of light was a small arc lamp placed at a 
distance of 50 cm., the intensity of incident ligl)t was 
increased or decreas m 1 ])y liringing the source of light nearer 



FUt. 11.'). — Immediate iiikI after-effect of si imuliia of light on growth, (a) show 
immediate effect of moderate light to be a transitory acceleration (dowii-ciir\i ! 
followed by retardation (up-curve). The after-effect on cessation of light is ; ■ 
acceleration (down-curve) followed hy restoration to normal. (6) Immediate a' ■ 
after-effect of stronger light : immediate effect, a retardation ; after-effect, recove 
to normal rate without acceleration. 


or further away from the plant. Two inclined mirroi 
were placed behind the plant so that the specimen wr* 
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icted on by light from all sides. A seedling of wheat 
was mounted on the Balanced Crescograph, and record 
was iirst taken under exact balance ; this gives a hori- 
/«)iital record. The up-curve represents retardation, and 
down-curve acceleration of rate of growth. The source 
of light was at first placed at a distance of 50 cm. 
from the plant, and exposure was given for 4 minutes 
at the point marked with an arrow (Fig. 115a). We 
shall find in the next chapter that the intensity of 
lihototropic effect is proiHM'tional to the quantity of incident 
liijlit. This quantity at the beginning proved to be sub- 
ininimal, and hence there was an acceleration at the 
hoginning. Continued action induced tlie normal etfect of 
ladardation, as seen in the subsequent resulting up-curve. On 
(lu^ cessation of light, the balance was upset in an oppo- 
site direction, the resulting down-curve showing an accelera- 
tion of the rate of growth a])ove the normal. Tliis acc(?- 
lo ration persisted for a time, after whicli the normal rate 
of growth was restored, as seen in the curve becoming 
once more horizontal. The after-effect of light of moderate 
intensity is thus a tenijforary acceleration of rate of 
growth above the normal. 

Effect of strong light : K.i’pei iment 121, — The same speci- 
men was used as in the last experiment. By bringing 
the source of light to a distance of 25 cm. the inten- 
sity of light was increased fourfold ; thti duration of 
‘‘xposure was kept the same as before. The record (Fig. 
nr>b) shows that a retardation of rate of growth occurr(?d 
' 'em the very beginning without the preliminary accelera- 
‘ 0 ) 11 . This is for two reasons: (1) the increased intensity 
‘ ;'s now above the critical minimum, and (2) the tone 
the organ had become improved by previous stimu- 
' 'ion. On the cessation of light, the after-effect showed 
• enhancement of rate of growth, the recovery from re- 
lation to the normal rate being gradual. In the next 
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experiment (the result of which is not given in the record; 
the intensity of light was increased still further ; tin 
retardation now hecame very marked, and it persisted for 
a long time even on the cessation of light. 

We thus find that : 

(1) The immediate effect of light of moderat(' 

intensity is a preliminary acceleration, followed 
by normal retardation. The acceleration is tin* 
elf(*ct of sub-minimal stimulation. The imme- 
diate after-elfect is an acceh'ration above the 
normal. 

(2) Tin* immediate effect of strong light is a retardation 

from rhe })eginning ; the immediate after-effect 
shows no acc(‘leration, the growth rate beiiig 
gradually restored to the normal. 

(}]) Under very strong light the induced retardation 
is very great, and this persists for a long time 
evt‘n on the removal of light. 

The experiments described explains the reasons of com- 
plete recovery after moderate stimulation, and also the 
absence of recovery after strong stimulation. The imme- 
diate after-effect of moderate stimulation is shown to he 
an acceleration of rate above the normal. Returning te 
tropic curvature, the contraction at the proximal side 
induced by unilateral light is thus compensated by the 
accelerated rate of growth on the C(*ssatioii of light. There 
is no such compensation in the case of strong and loiv; 
continued action of light ; for the after-effect of stroiii,' 
light shows no such acceleration as rhe immediate after- 
effect. 

We may perhaps go a step further in explaining th 
ditference. Stimulus was found to induce at the san * 
time two physico-chemical ‘reactions of opposite signs (p. 144 . 
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lie is the ‘up’ or A-change, associateil with increase 
‘ potential energy of the system, ami the other is asso- 
i.ited witli ‘down* or D-chaiige, by which there is a 
ini-down or depletion of energy. With niotl<‘r5iti‘ stimula- 
i(ni the A-and-D effects are more or less comparable to 
ach other. But under strong stimulation the down-ehangi‘ 
is relatively greater. Hence on cessation of moderate 
simulation the increase of potential emu’gy, associated with 
\-change, finds expression in (mhancement of tlie rate of 
^nowth. The depletion of . tniergy under strong stimula- 
:ion is, however, too great to be compensated by the 
A -change. 


LATENT PERIOD OF PHOTOTROPIC REACTION. 

With reference to the latent period dost thus summa- 
rix(‘S the known results;* “The latent period of the lielio- 
nopic stimulus has already been determined. According to 
(V.apek it amounts to 7 minutes in the cotyledons of 

Arena and in Phyannyces ; 10 minuti^s in hypocotyls of 
Sinapis alba and Beta vulgaris^ 20 minutes in the hypo- 
•olyl of Heliantfim^ and 50 minutes in the epicotyJ of 
l^haseokis. If one of these organs be unilaterally illumi- 
latcd for the specified time, hciiotropic curvature ensm‘s 
iiu r wards in the dark, that is to say, we meet with an 
Ut(‘r-effect in this case as in geotropism. We are quite 
iumorant, however, as to whether and how the latent 

i riod is dependent on the intensity of light.” 

With regard to the (luestion of relation of the latent 

: liod to the intensity of stimulus I have shown (p. 160) 
it the latent period is shortened under increasing intensity 
stimulus. Ill the case of tropic curvature induced by 
dit, I find that the latent period is reduced under 


Jost— /6u/, p, 473. 
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increasing' intensity of light. The shortest latent period 
found by Gzapek, as stated before, was 7 minutes. But by 
employing high magnification for record, I find that the 
latent period of phototropic action under strong light to bo 
a question of seconds. 

Deter mi naiiitn of the latent period: Experiment 122 » — I 
give a record of response (Fig. J16) of the terminal leaflet 
of Erythrina iniden to light acting from above. Th(‘ 
recording plate was made to move at a fast rate, the 



Fui. 11(5. — Latent, period for photic stimiihition at vertical line, Siicccsaive dots ;it 
itdervairt of ‘2 seconds. {Erythrina indka). 

successive dots being at intervals of 2 seconds. The latent. 
j)eriod in this case is seen to be 35 seconds. By the 
employment of stronger light I have obtained latent period 
which is very much shorter. 

The term latent period is used in two different sense. 
It may mean the interval between the application of 
stimulus and the initiation of response. In the experi- 
ment described above, the latent period is to be understood 
in this sense. But in the extract given above, Jost user: 
the term latent period as the shortest period of exposuiv 
necessary to induce phototropic reaction as an after-effect. 
What then is the shortest exposure that will induce n 
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•.^tanlation of growth ? For this investigation I tniiployed 
'he very sensitive method of the Balanced Croscograph. 


GROWTH-VARIATION BY PLASH OF LKHIT FROM A 
SINGLE SPARK. 

Experiment 12S. — I stated that tlio more intense is tlie 
light, the shorter is the latent period. The duration of a 
single spark discharge from a Leyden jar is almost 
instantaneous, the duration of discharge being of the order of 
100 1)00 second. The single discharge was made to 

take place between two small steel sphere's, the light 
given out by the spark being rich in elfeclive ultra-violet 
rays. The plant used for the experiment was a seedling 
of wheat. It was mounted on the Balanced Croscograph, 
and its normal growth was exactly compensated as seen 


T 


Ki(i, 117.— Effect of a Mingle elecuic 8]>ark on variation of growth. Record taken 
Balanced Crescograph. Up-curve shows induced retardation of growth; the after- 
Tect is an acceleration (down-curve) followed by restoration to normal. 

■ ■ the first part of the record. The spark gap was 
.mod at a distance of 10 cm. from the plant ; there 
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was the usual arrani^ement of inclined mirrors for illu- 
mination of the plant. The tlash of light from a single 
spark is seen to induce a sudden retardation of rate of 
growth which lasted for one and half minutes. Tlui 
record (Fig. 117) shows another interesting peculiarity of 
acceleration as an after-edect of moderate stimulation. 
After the ladardatioii which lasted for 90 seconds, there 
is an acc(deration of growth above the normal, which 
persisted for (5 minutes, after which the rate of growth 
returned to the normal. 

In order to show that the induced variation is due to 
the action of light and not to any other disturbance, 
I interposed a sheet of ebonite between the spark-gap and 
tin*, plant, ddie production of spark produced no effect, 
but the removal of the ebojiite screen was at once 
foll(»wed by tlie characteristic response. 

MAXIMU.M POSITIVE CURVATUKE UNDER CONTINUED 
ACTION OP LIGHT. 

The ])ositive curvature is, as we have seen, due to the 
contraction of the j)roxiinal side and expansion of tin- 
distal side. The curvature will increase with growing 
contraction of the proximal side; a maximum curvatur<‘ 
is however reached since : 

( 1 ) the contraction of the cells must have a limit, 

(2) the bending organ offers increasing resistance to 

curvature, and 

(3) the induced curvature tends to place the orga^ 

parallel to the direction of light when th 
tropic effect is reduced to a minimum 

The pulvinus of Knjthrina exemplifies the type < 
reaction in which the positive curvature reaches a maxi 
mum, (see below Fig. 132) beyond which there is no furtln 
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change. This is due to absence of transverse coiiductivitj’ 
in the organ. The modifying effect of transverse conducti- 
vity on response will be dealt with in the next cliapt(‘r. 


SUMMARY. 

The positive phototropic curvature is brought about by 
the joint effects of the directly stimulated proximal, and 
indirectly stimulated distal side. 

The phototropically curved organ undergoes r(*C(»very 
after brief stimulation. 

The recovery after moderate stimulation is hash iied by 
the previously stimulatetl side exhibiting an acceleration of 
the rate of growth above the normal. The aft(‘r-effects 
of photic and mechanical stimulation are similar. 

The latimt period of photic reaction is shortened with 
the increasing intensity of light. The seedling of wheat 
responds to a flash of light from an electric spark, the 
duration of which is about a hundred thousandth [uirt of 
a second. 

Tissues in which the power of transverse comluction 
is n(!gligible, the positive phototropic curvature under 
continued action of light attains a maximum without 
^^ul)se(]uent neutralisation or reversal. 
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GijiiupuASANXA Das. 

1 lijive explained how under the action of unihitoral 
li^dit till' [)Ositiv(‘ curvature attains a maximum. There 
are, howcncM*, cases where under the continued action of 
strong li^'iit th(^ tropic movement underi^mes a revei'sal. 
Thus to quot(^ dost: “ Eacli organism may he found in 
one of th(‘ three dilVerent conditions determined by the 
light intcmsity, vii'. (1) a condition of positive heliotropisin, 
(;2) a condition of indiffer(mc(% (;>) a coiulition of nega- 
tive heliotro})isin No explanation has however been 

olVered as to why the same organ should exhibit at 
ditferiMit times, a positive, a neutral, and a negative irrita- 
bility. Ttiese changing elfects exhibited by an identical 
organ is thus incompatible with the theory of specific 
sensibility, assumed in explanation of characteristic dilfei- 
ences in [)hototropic response. 

In regard to this I would draw attention to an 
important factor which modifies the tropic response, namel>. 
the tdfect of transverse conduction of excitation. I sha’ 
presently describe in detail a typical experiment of th 

I' Joijt— /6iV/— p. 4()2, 
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(•iU‘CC of unilateral stimulus of liftlit on the res[)onsive 
movement of main pulvinus of Mimom piidica. The 
results will be found of much theoretical interest, siiuu‘ a 
^iiij^^lo experiment will give an insight to all possible types 
of phototropic response. Before describing the experiment 
I shall demonstrate the tropic reactions of the two halves 
of the pulvinus of Mimosa, 


UNEQUAL EXCITABILITY OP UPPER AND LOWER HALVES OF 
PULVINUS TO PHOTFG STrMULATION. 

1 have by method of selective amputation shown that 
as regards electric stimulation the excitability of the upper 
iiiilf of the pulvinus is very mucli l(‘ss than that of the 
lowin’ half (p. So). 1 have obtained similar results with 
photic stimulation. 

Tropic effect of lUjht acting frooi above : blxpcrimeat 
I:J4 . — Light of modi^rate intensity from an incandeseent 
idectric lamp was applied on the upp(3r half of the [)ul- 
\iuus of Mimosa for 4 minutes; this induced a itontraction 
<»f the stimulated upper half and gave rise to an up or 
‘■rectile response. On the stoppage of light recovery took 
plnce in the course of ten minutes. The phototropic 
oiirvature is thus seen to be positive. A series of such 
positive responses of the upper half of the pulvinus is 
idven in figure 118. 

Kffevt of light acting from below: KxiJcrimetU l2o , — 
bight was now a[)plied from below ; this also induced a 
"utraction of the lower half of the pulvinus, causing a 
“wn-movement (Fig. 11 T). As the responsive movement is 
' vards light, the phototropic elTect must be regarded as 
' ‘ijitive. The greater excitability of the lower half of the 

2i} X 
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])ulvinns is shown by the fact that the response of the; 
lower half of the })ulvinus to ten seconds’ exposure is 



Fkj.IIS. FT(i. 119. 

Fk;. I IH. -S».‘rl(‘s of iip-reaponsea of leaf to npplied on upper 

half of pulvinus, 

Fui. 119 .— Down-responses ffiven by the same plant on application of light 
from below. 

(^veii hir^^er than that given by the upper half under the 
prolonged exposure of seconds. 

TItANSFOllMATlON OF POSITIVE TO NECATIVE PHOTO- 
TROPIC CURVATURE. 

1:20 . — A bi'ain of light from a small are 
lamp was thrown on the uppm* half of the pulvinus. 
After a latent ])eriod of 5 seconds, a positive curvature 
was initiated, by the contraction of the upper and expan- 
sion of the lower side t>f the organ. But under continued 
action of liglit, the excitatory impulse reached the lowei 
half of the* organ, causing a rapid fall of the leaf, 
and a nfijativc curvature. The arrival of transmitted excita 
tion at the more excitable distal half of the organ 
clearly demonstratoil by the very rapid down-movemeii , 
setMi as the up-curve in the record (Fig. 120). In sensiti\ * 
specimens this movement is so abrupt and rapid, that tli 
writing Icvcu* is jerked off above the recording pla' 
before making a dot on it. The thickness of th 
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piilvinus was 1*5 mm., the distance which the excitatory 
i?iipulse has to traverse to reach tlie lower half would thus 
1)0 about 0’75 mm. The period for transverse transmission 



Fi(4. 120.— Record of effect of continuouH application of Ii.i<lit on upper half 
ot pnlvinus of Mimosa leaf. Note erectile re.spouHe (positive curvature) 
tolhjwed by neutralisation ami pronounced reversal into neucative due to t.r.ms- 
'■erse conduction of excitation. Up-inovement shown by down curve, and rio* 
r> rsii. 

of excitation under strong light was found to vary in 
'lifl’erent cases from oO to 80 S(‘COnds. The velocity of 
transmission of excitation in a transvers(^ direction through 
die pulviniis is about 0*011 mm. per second, whicli is 
'lot very dill’ereiit from 0*010 mm. per second in tin* stmn 
P. 282). 

Returning to the main experiment wii find that : 

(1) As a result of unilateral action of light, there was 
positive phototropic curvature which lastisl for 
oO seconds. 
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(2) Owiii^ to the internal conduction of excitation the 
positive efl’ect under wont iieutralisacion by the 
(jxcitiitory contraction of the distal side. This 
neutralisation depends on four factors: (a) on the 
intensity of the stimulus, (h) on the conductivity 
of the organ in a transverse <lirection, (6*) on the 
thickness of the intervening tissue, and (ri) on tin* 
relative excitability of the distal as compared to 
th(‘ j)roximal side. The extent of positive curva- 
ture also depends on the pliability of the organ. 

In anisotropic organs where the distal side is 
physiologically the more excitable than the pro- 
ximal, the internally diffused excitation brings 
about a grv‘ater contraction of the distal, and the 
jMJsitiur pliototropic curvature becomes reverscnl 
to a v(*ry pronounced negative. The effect of 
the internally diffused stimulus is thus the same 
as that of external difl‘use stimulus. 

(1) When the stimulus is applied on the more excitable 
half of the organ, the result is a predominant 
contraction of that half, which cannot be 
iKMitralised by the excitation conducted to tin* 
less excitable half of the organ. As the curva- 
ture is towards the stimulus, the pliototropic 
curvature thus remains positive, even under 
continued stimulation. 

The positive curvature is due to the differential action 
of unilateral stimulus on the proximal and distal sides, lint 
when a strong light is made to act continuously on one sidt' 
of an organ, the excitation becomes internally diffused, aiu 
the differential effect on the two sides reduced in amoun 
or vanishes altogether. Owing to the weak transvers 
conductivity of the tissue, while the effect of a feeble 
stimulus remains localised, that of a siroiiger stimulus i: 
conducted across it. 



DIA-PHOTOTROPISM AND NEGAI'IVK PHOTOTROPTBM 

OUmanns found that the seedling of Lepiditnn satinun 
.i>snmed a transverse or dia-pliototropic position under 
Intense and long continued action of light of r)0l),000 Hef- 
ner lamps. He rc^gards this as the indilferent j)()sition. 

I hit tl e neutralisation of curvature is not, as explained 
i efore, dm^ to a condition of indilference, hut to the anta- 
gonistic effects of the two opposite sides of tlie organ, tlie 
proximal hio'ng stimulated hy tlie dirt'ct, and the <listal 
Uy the transversely conducte<l excitation. I obtained such 
neutralisation with JJref/ea roluhi/is undm* tln^ prolonged 
unilateral action of arc-light. The first effect was ])ositive ; 
ihis was gradually and continuously nmitralised iind(‘r ex- 
posure for two hours ; even then the neutralisation was 
not complete. I shall presmitly addma^ instanced wheia^ tin* 
neutralivsalion was not m(*rely comphdtg but th(‘ final »df(‘ct 
was an actual reversal into negative res})ons(‘. 

SUPPOSED PHOTOTROPTC TXKFPKtrn VENKSS OF SUMiUJIlT. 

1 may here consider the remarkable fact that has been 
oitserved, but. for which no (‘xplanation has been forth- 
coining, that “direct sunlight is too bright to bring about 
lieliotropic curvaiun*, only dilfuse, not <lirect sunlight has 
die power of inducing Iieliotropic movements.”* Ihit we 
cannot conceivi^ of light suddenly losing its jihototropic 
• iloct by an increase of intensity. d’lu^ expiuujiumt just 
■iescribed will offer full explanation for (his appannit 
•oioinaly. Feeble or moderate stimulus remains, as we 
i'Hve seen, localised, liimee the cojitraelion of the iiroximal 
''d<* givi*s rise to pusitivi* curvature. But the intense 
•^citation caused hy sunlight would hi^ transmittiul 
" the distal side and thus bring about neiilralisarion. 

' »s the obsm'vation of the final result that has mish‘d 
'Servers as to the inefficiency of direct sunlight. A 
-utiniious record of the response of the organ shows, on 


Joiit — Ibid — p. 161. 



334 


LIFE MOVEMENTS TN PLANTS 


tho other hand, that the first effect of strong light is a 
positives curvature, and that under its continuous action the 
positive effect becomes neutralised (cf. Fig. 121). In the 
study of phototropic action, the employment of strong 
light has many advantages, since the period of experimeni 
is, by this means, materially shortened. The continuous 
record then gives an epitome of tlie various phases of 
r(‘action. 

M50ATIVE PHOTOTROPISM. 

I shall next show the continuity of responsive photo- 
tropic effects, from the positive curvature to the negative, 
through the int(uin(‘diato phase of neutralisation. I have 
in the pr(*ceding })aragraph described an experiment where 
under a givt*n intensity and duration of exi)osure the 
excitations of the proximal and distal sides bring about 
neutralisation, the organ assuming a dia-phototropic posi- 
tion. If th(‘ int(‘nsity or duration of the stimulating light 
be furfclier increased, it is easy to see that while excitation 
transmitted to the distal side is being increased, the excita- 
tory contraction on the proximal sid(^ may, at the same 
time, be decreased owing to fatigue brought on by ov(‘r- 
stimulation. 

In connection witli this it should be borne in miinl 
that th(‘ pulvinus of Mimosa exhibits under continuous 
stimulation, a fatigue relaxation instead of normal contrac- 
tion. Similar effects are known to take place in aniina! 
muscles. The effect of relatively greater excitation will thus 
give rise to ni*gative phototropic curvature. The transverse' 
conductivity of organs of diverse plants will necessarily 
be ditferent. The neutralisation and reversal into negatn e* 
will thus depend on three factors: the transverse condue i- 
vity of the organ, the intensity, and duration of stimul'!^. 

Neutralisation and reversal under increased intensi'H 
of light: Eiperiment 127, — It is advisable to employ tf u 
specimens (in which the transverse distance is small) ' 
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ihe exhibition of reversal effect. I took a liypocot^l of 
S inapis nigra and subjected it to unilateral action of lij^ht 
from a Id candle-power incandescent electric lamp placed 
at a distance of 10 cm. A maximum positive curvature 
was induced in the course of 50 minutes. The intensity of 
li^dit was afterwards increased by bringing tlie lamp nearer 
lo a distance of 6 cm. This resulted in a process of 
iu‘utralisation of the preceding response; after an exposure 
of 70 minutes the specimen assumed a dia-phototropic 
position in which it remained in equilibrium. Sunlight was 
next applied, and in the further course of 30 minutes then* 
was a pronounced reversal into negative phototropic curvature. 

Neutralisation and reversal under anil inuous slbnula- 


Fig. 121. — Positive and negative 
'iolotropic responses of Oryza under 
'it inued unilateral stimulus of intense 
-ht from arc lamp. 


lion: hlxperimenl 1^28, — In tin* 
last experiment the different 
changes in the rosponse were 
brought about by successive 
increase in the intensity of 
light. In the present experi- 
ment, verj- strong light was 
applied from the beginning, 
and continuous record was 
taken of the change in the 
response. In order to r(‘duce 
the period of (‘xjierimeiit I 
employed a mercury vapour 
lamp which emits the most 
effective viol(*t and ultra-violet 
rays. The specimen used 
was a Seedling of the rice> 
plant {Oryza saliva). The 
first effect of light was a posi- 
tive curvature which attained 


maximum ; after this there was a neutralisation in less 


Lan six minutes after the application of light. The further 
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coiitniiiation of light induced a pronounced negative cur- 
vature (Fig. 121). 

I shall in the next chapter give other instances which 
will show that all organs (pulvinated and growing) possessed 
of power of transverse conduction, exhibit a transformation 
of response; from positive to negative under continued action 
of strong light. 

Thus an identical organ, under diflerent conditions of 
intensity and duration of stimulus, exhibits jmsiliue photo- 
tropic, ti/>/,-phototropic, and iiegative phototropic curvatures, 
proving (;onclusi vely that the three etfects are not due 
to three distinct irritabilities. The responsive movements 
art‘, oil the other hand, traced to a fundamental excita- 
tory reaction, remaining either localised or increasingly 
transmitted to the distal side. 


NEtJATIVK PHOTOTROPISM OF ROOTS. 

From the analogy of opposite responses of shoot and 
root to stimulus of gravity, it was surmised that tin* 
root would respond to liglit by a negative curvature. This 
was appanmtiy conlirnied by the neg.i^ive ])hotr)troi>i«- 
curvature of the root of Sinapis, The supposed analogy is 
however false; for while the stimulus of gravity acts, in 
the case of root, only on a restricted area of tl e lip, 

the stimulus of light is not necessarily restricted in tin* 

area of its actit)n. That there is no true analogy be- 
tween the action of light and gravitation is seen from 
the fact that while gravitation induces in the root • 
moveiiKUit opposite to that in the stem, in the case <•. 

light, this is not always so ; for though a few roots tun; 

away from light, others move towards the light. 

As regards negative phototropic response of the root o 
iSi/Ktpis^ it will l)e shown (p. 376) to be brought about b; 
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.:(rt4)raical siiiiiiiiHtion of the efrectn of dirt'ct and indin'ot 
.iiotic stimnlus. 


SUMMARY. 

The normal positive phototropic curvature is modifi(*d by 
transverse conduction of true (‘xcitation to the distal side 
(if the organ. 

The extent of neutralisation or reversal di’«‘ to internal 
conduction of excitation from the proximal to the distal 
side of the organ depends : on tli(‘ inttnisily of the inci- 

(i(*nt stimulus, (b) on the conduciivity of th<‘ organ in a 
transverse direction, (c) on the thickness of the intervening 
tissue, and (d) on the relativ<‘ excitability of tin* distal as 
c(3inpared to the proximal side. 

Tlie dia-phototropic position is not one of indilferenoci, 
luit of balanced antagonistic r(*actions of two op])ositi* 
sides of the organ. 

The supposition tliat direct sunligljt is ])hot(>tr()pically 
inelfiictive is unfounded. The response is fully vigorous, but 
the first positive curvature may in certain cases be neutra- 
lis(Ml by the transmission of excitatioji to tln^ distal side. 

Tinder light of strong intensity and long duration, the 
uansmittcd excitation to the distal side neutralises, and 
liiially reverses tin* positivt^ into negative} curvature*. 

The ^jo.siifne-phototropic, the t//a-phototropie, and the 
phototropic curvatures are not due to three distinct 
11 litabilities but are brought about by a fundamental 
' ' 'dlatory reaction remaining localised or imuacisingly 
- usrnitted to the distal side. 



XXKL— THK RKLATION HETVVKP^N THE QUANTITY OF 
LKHIT AND THE INDUCED PHOTOTROPIC 
CURVATURE 

Sir .1. C. Bosk, 

Asxiiited /)}/ 

SORKNORA CtFANDRA DaS, M.A. 

I SHALL ill this cliaptiM* describe experiments in supper' 
ot* the important proposition that tlir Init^nsitij of phototvoitK 
action is dependent on the quantitif of incident ligJd, Tin 
proportionality of the tropic eiTect to tlie quantity of li^dii 
will be found to hold jjjood for the median ran^e of stimii 
lation ; the deviation from this proportionality at the twt 
ends of the ran^e of stimulation — the sub-minimal and supi i- 
maximal — is, as we shall find, capable of explanation, an l 
will be fully dealt with in the next chapter. 


The (|uantitY of light incident on the responding org i 
depends : (I) on tlu‘ intensity of light, (2) on the angle •! 
inclination or the directive angle f and (l>) on the durati r 

* 'riio (lirectivo angle Q is the angle of inclination of the rays of light ' 
the responding surface. The angle ^ is coniplenientary to the angle of incideti ■ 
in optics. Sin Q — Cos i. 



(QUANTITY OF LIGHT AND PHOTOTROPIC CUKVATURK 


I exposure. I shall give a detailed account of the investi- 
>;ion relating to the individual etVects of each of these 
, ( tors on the tropic reactions n«)t mertily in pulvinatiMl but 
t!-.o in growing organs. 


Kt’FKCT OF [NCRKASING INTHNSTTY OF LKHIT ON TROPIC 
CURVATURE. 

The intensity of light was increastul in successive experi- 
luonts, in arithmetical progression 1 : 2 : \\ by suitably dimi- 
nishing the distance between the plant and the source, of 
light, and the resulting tropic curvatures recordeil. 


Effect (ff increasing intensity of light on the pulvinns of 
Desinodiiim gyrans : Experiment 121). — Tlie source of liglit 
was a 50 candle-power incandescent lamp, and the dura- 
tion of exposure was 1 minute. The specimen (unployed was 
a terminal leaflet of Desuindiutn gyrans (Kig. 122) ihi^ 

pulvinns of which is very 
sensitive to light. It is more 
convenient to inanipulate a 
cut specimen of the leaf, 
instead of the whole plant. 
The petiole is placed in 
water contained in a U-tube ; 
the depressing etfect of wound 
passes olf in the course of 

J 10. 122 — Leaf of hour or SO. Light of 

*1 Oie terminal l;ir»4e, and two lateral . . , i 

. 1 leaftets. These latter exhibit .nte.imty ,« apphe-l 

unatic pnlsationB. from above ; this induces 

contraction of the upper half of the pulvinns, and 
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Kig. 124). If the tropic curratare increased proportieii- 
iiely to the intensity, the two responses sliould have been 



Ficj. 121. Fks. 12;>. 

Ki(}. 124.— Tropic effect of increasing intensity of light I : 2 ; on tlie respon.M.- of 
i.-rniinal leaflet of /Ksvio<lii> tn gyrans, 

Fio. 125.— Tropic el.ect of increasing intensity of light, I : 2 : 2 (jii growing 

in the ratio of I : 2 ; the actual ratio was however 

>lightly greater, viz. 1 : 2*6. In this connection it will bo 
>}iown in the, next chapter, that strict [iroportionality holds 
ujood only in the niedian range, and that tln^ sustu^ptibility 
tnr excitation undergoes an increase at the Ijeginning of 
file phototropic curve. 

of Dicreasimj i}itensitif of iitjkt on thr tropic 
•'i>rvatiire of growing organs , — ^As the tropic curvature is 
iniiiiarily due to the retardation of growth induced by light 
n the proximal side of the organ, it will Ije of interci.st to 

apitulate the results I obtained (p. 208) on the (dfects 

'' increasing intensity of light on growth itself. Thr 
‘ -niial rate of growth of the specimen in the dark was 

fx per second ; this was reduced to 0’2(l p under an 
* nsity of one unit, to 0*17 p under two, and to 0*10 p 
’ eder three units, Growth became arrested when the 
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intensity was raised to four units. Thus increasin^^ 
intensity of light induces an increasing retardation ol 
growth at the proximal side of the organ. This aided hy 
the effect of indirect stimulus at the distal side bring'^ 
about an increasing positive curvature. 

Kxperinwnt ISO. — The flower bud of Crhuun was used 
for the experiment, the source of light being a small arc 
Jam]). The duration of exposure was one minute. Im 
creasing intensity of light gave rise to increasing positive 
curvatures (Fig. 12/)) in the ratio of 1 : 2*0 : 5 under 
increasing intensities which varied as 1 : 2 : o. 

THE EFFECT OF INCREASING ANGLE. 

The quantity of light which falls on an unit area of 
the responding organ varies as sin 0 where 0 is the direc- 
tive angle i. e. the angle made by the rays with the 
surface. Some allowance has to be made for the amount 
of light reflected from the surface, this being greater at 45® 
than at 110°. 

Tropic rospovse of pulvinus of Desmodium gyrans : 
Kxpcrinioit ISl. — For application of light at various angles 
an incandescent electric lamp was mounte<i at one end 
of a brass tube, a collimating lens being placed at the 



other (Fig. 126). The parallel beam of light from th’ 
collimator could be sent at various angles by rotating tl " 
collimator tube round an axis at right angles to the tub . 
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The Specimen employed was the terminal leaflet of Des- 
riodiutn gyram ; light was applied for a minute in the 
*wo successive experiments for the two angles of 45° and 
The record (f'ig. 127) shows that the phototropic 



Fjg. 127. Fif'. 12}<. 

Fiy. 127. — Effect, of angle of inclination of light on the tropic curvature of piilvinua. 
The first response is to light at 46^ and the second, to IKI^. (Detmodium gyram). 

Fkj. 128. — Series of tropic curvatures of growing bud of Crinnm to alternate 
“timiilation by light at 45 and 90^. 

tdVect increases with the directive angle. In the present 
t^ase the ratio of the two effects is 1 *6 : 1, which is not very 

flifferent from the ratio =rl’4, 

sin 45° 

Tropic response of growing organs : Experiment 132 , — 
‘Similar experiment was carried out with the flower bud 
'f Crinum, held vertical. Light was applied alternately 
45° and 90°, in two* successive series. The object of 
^ was to make due allowance of possible variation of 
• ' ' stability of the organ during the course of the experi- 
nt. I have explained (p. 147), how the excitability of 
' issue in a condition slightly below par, is increased by 
• action of previous stimulation. Series of responses 
^incd under alternate stimulations at 45° and 90° 

27 
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enable us to find out, whether any variation of excit- 
ability occurred during the course of the experiment and 
make allowance for it. The records show that stimula- 
tion did enhance the excitability of the organ to a small 
extent. Thus the first stimulation at 45^ induced an 
amplitude of response of 5 mm. ; the second stimulation 
at 45° L e, the third response of the series, induced a 
slightly larger response 7 mm. in amplitude. Similarly 
the two responses at 90° gave an amplitude of 9 mm. 
and 11 mm. respectively (Fig. 128). Taking the mean 
value of each pair, the ratio of tropic effects for 90° 
and 45 ’ is = 10/h = 1*7 nearly. 

EFFECT OP DURATION OF EXPOSURE. 

E.vperi?}wnt 1^33 . — The specimen employed for the experi- 
ment was a flower bud* of Grimim in a slightly sub-tonic 
condition. Successive responses exhibited on this account, a 
preliminary negative* before the normal positive curvature. 
The successive durations of exposure were for 1, 2, and 



FiC. 12l> — Ellect of increasing duration of exposure 1:2: ii ininiues, on phot- 
tropic curvature. Note preliminary negative responfie, {Crinum). 

3 minutes. The amplitudes of responses (Fig. 129) are ii 
the ratio of 1 : 2*5 : 5. 


An explanation of this preliminary effect will be found in the next chapter. 
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We may now recapitulate the tropic effects of light of 
. (Creasing intensity, directive angle, and duration of ex- 
;,(>siire. It has been shown that the tropic effect is en- 
iiariced under increasing intensity of light ; it is also iii- 
('reased with the angle increasing from grazing to perpendi- 
» nlar incidence. And finally, the tropic effect is enhanced 
with the duration of exposure. Taking into consideration 
I he effects of these different factors we arrive at the con- 
clusion that pliolotropic effect increases with the quantity 
ftf incident light. It will be shown in the next chapter 
riiiit strict proportionality of cause and effect holds good 
in the median range of stimulation, and the slight de- 
viation from this, above and below the median range, is 
due to the fact that susceptibility for excitation is low 
at these two regions. 


SUMMARY. 

Increasing intensity of light induces increasing tropic 
curvature. 

Tropic curvature increases with the directive angle, the 
cd’ect being approximately proportional to sin where 0 
is the angle made by the rays with the responding sur- 
face. 

Tropic' curvature also increases with the duration of 
exposure. 

The intensity of induced tropic effect is determined by 
quantity of incident light. 
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CHARACTERISTICS 


I^H 

SiK .1. (’. Bose. 

When u plant is subji'ctiul to tlio continihMl 

action of nnilatorial stimulus of li^lit. it oxliibita in- 
creasing' tropic; curvature, which in certain cases reaches 
a limit ; in other instances a revcnsal takes place*, seen in 
neutralisation, or in the* conversion of the positive into 
nej^'ative curvature. 1 shall in this chapter enter into ;i 
detailed study of the phototropic curve, and determine its 
characteristics. 


As the vague terniinalogy at present in use has been 
the source of much confusion, it is necessary here i«i 
define clearly the various terms which will be employel 
in this investigation. It is first of all necessary to distin- 
guish between cause* and efTect, between external stimulus 
and the excitation induced by it. As regards stimulus 
itself I have shown elsewhere* that its effective intensity 
becomes siimmated by repetition. This was demonstrated 
by the two following typical experiments carried out with 
the pulvinus of Mimosa. 


(1) The intensity of a single electric shock of inteius ty 
of 0*5 unit was found to bo ineffective in indue li,' 


’t' “Irritability of Plants” — p. 54, 
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, Acitation ; but it became elective on beiii*' repeated 
our times in rapid succession. 


(2) The same specimen was next subjected to a feebler 
: timuliis of intensity of OT unit, and it required a re- 
petition of 20 times for the stimulus to become elVective. 


The total stimulus in the first case was 0*5 x 4=2, and 
this was found to he the same as 0*1 x 20=2 in the 
second case. Thus the intensity of stimulus is increased 
l)y repetition ; in the limiting case where tin? interval 
hetw(‘en successive stimulus is zero, the stimulus becomes 
eoiilinuous. Bearing in mind the additive effects of sti- 
mulus we see that its effective intensity increases with the 
fiiiratioH. of application. Idiis important conclusion f<)und 
independent support from tin* results of Experiment 
;^iven in the last chapter. 


We sliall Jiow take up the gtunu’al (|uestion of tin* 
cluiracterislics of the photoiro])ic curv(‘, which gives the 
I' laiion l)etween increasing stimulus and Mn^ r(‘Sulting exci- 
miion. As regards stimulus we found that its elfectivt^- 
iess increases witli the duration of application. The 
•i! I need excitation iji growing organs may be nn?asured by 
' >iicomitant retardation of growth caused by stimulus. In 
excitation curves which will be presently given, the 
‘ -'cissae represent increasing stimulus and ordinates the 
' 'lilting excitation. This excitation curve may be oh- 
oed by making the plant record on a moving plate its 
‘ urdation of growth by means of the High Magnification 
' scograph. I reproduce below two records of the effects 
' continuous photic and electric stimulation. The ordinate 
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of the ‘excitation curve’ (Fisj. 130) exhil)ils increasing in- 
cipient contraction (retardation of growth) culminating in an 



Fig. 130 . — Effects of continuous (a) olcctric, and (A) idiotic atinmlation on rate of 
growth. Abscissa represents duration of application of stimulus. Note induced 
retardation, and arrest of growth. 

arrest of growth ; the abscis-ta represents increasing stimu- 
lus consequent on increased duration of application. The 
record shows that the incipient contraction is slight at 
tlie first stage ; it increases rapidly in the second stage ; 
finally, it declines and reaches a limit. The excita- 
tory reaction is thus not constant throughout tlie entire 
curve of excitation, l)ut undergoes very definite and 
characteristic changes. We shall fin<l similar characteristic.s 
in the phototropic curves untler unilateral stimulus whicb 
will be given presently. The explanation of the similarity 
is found in the fact tliat the tropic curvature is also due 
to incipient contraction or retardation of the rate ot 
growth, which remains confined to the directly stimulatel 
proximal side of the organ. 

For facility of explanation of what follows, I sha 1 
have to use a new and necessary term, susceptibility^ - ‘ 
indicate the relation of cause and effect, of stimulus ai I 

resulting excitation. Susceptibility is thus = 
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Different or^^ans of plants exhibit unequal suscepti- 
bilities ; some undergo excitation under feeble stimulus, 
while others require more intense stimulus to induce 
(‘xcitation. But even in an identical organ the 
susceptibility undergoes, as we have seen, a characteristic 
variation, being feebl(‘ at the beginning of the excitation 
curve, considerable in the middle, and becoming feeble 
once more towards th(‘ end of the curve. The most 
difficult problem that faces us is an explanation of this 
characteristic difference in different parts of the tropic 
curve. 


(iP^NERAL CONSIDERATIONS. 

Before entering into the fuller consideration of the 
subject, it will be helpful to form some mental picture of 
the phenomena of excitation, however inadequate it may 
1)0. The excitation is admitted to Ix^ due to the molecular 
upset induced by the shock of stimulus*; the increased 
excitation results from increasing molecular upset brought 
on by enhanced stimulus. The condition of molecular 
upset or excitation may be detected from the record of 
any one of the several concomitant changes, such as the 
change of form, (contraction or expansion) or change of 
(dectric condition (galvanometric negativity or positivity), 
ddiese means of investigation are not in principle diiferent 
from those we employ in the detection of molecular dis- 
tortion in inorganic matter under increasing intensities of 
an external force. 

THE CHARACTERISTIC CURVE. 

Thus the molecular upset and rearrangement, in a 
uiagnetic substance under increasing magnetising force are 

* I shall use the term utimnlus in preference to stimulation, for the latter 
^ often taken in the sense of the resulting excitation. 
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inferred from the curve obtained by means of appropriate 
magnetometric or galvanometric methods. I reproduce the 
characteristic curve of iron (Fig. 131) in which the abscissa 
represents increasing magnetising force, and the ordinate, 
the induced magnetisation. This characteristic curve, giving 
the relation of cause and effect, will be found to be 
highly suggestive as regards the similar characteristic 
curve which gives the relation between increasing stimulus 
and the resulting enhanced tropic efl’ect in vegetable 
tissues. The parallelism will be found to be very striking. 

Inspection of figure 131 shows that, broadly speaking, 
the curve of magnetisation may be divided into four parts. 
In the first part, under feeble magnetic force, the slope of 
the curve is very small ; later, in the second part, as the 
force increases, the curve becomes very steep ; in the third 
part the slope of the curve remains fairly (Constant; 
and finally in the fourth part, the curve rounds off and 
the rate of ascent again becomes very small. The suaco/p- 
iihillty for induced magnetisation is thus very feeble at 
the beginning ; under increasing force, in the secoiid stage, 
the susceptibility becomes greatly enhanced ; in the third 
stage,* the susceptibility remains approximately constant ; 
and in the fourth stage it becomes diminished. We shall 
presently find that the susceptibility for excitation also 
undergoes a similar variation at the four <liff*erent stages 
of stimulation. 

CHARACTERISTICS OF SIMPLE PHOTOTROPIC CURVE. 

1 have shown (Fig. 130) the relation between the 
stimulus and the resulting excitation, the latter being deter- 
mined frcun the diminution of the rate of growth. Under 
unilateral action of light, the excitatory contraction gives 
rise to tropic curvature. We may thus obtain the charac- 
teristic excitation curve, by making the plant organ record 
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its tropic movement under continuous action of light 
applied on one aide of the organ. 

Experiment 1S4 , — I give below the characteristic curve 
of excitation (Fig. 132) of the pulviniis of Erythvina indica^ 
traced by the plant itself, and exactly reproduced by photo- 
mechanical process. A parallel beam of light from a Nernst 
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Fi*;. i;}l. Fig. 1,TJ. 

Fin. 131, — Characteristic curve <»f iron under increjiHing iinigneiising force, 
lifter Ewing). 

Fig. 132. — Simple characteristic curve of phototro[»ic reaction. Excitation 
increases slowly in the first part and lapidiy in the second ; it is uniform in 
‘lie third, and undergoes decline in the fourth part {Krythrina imtka). 

Samp was thrown on the upper leaf of the piilvinus, and 
he increasing positive curvature was recorded on a smoked 
'<lass plate which was moved at an uniform rate. The 
successive dots are at intervals of 20 seconds ; the horizontal 
^stances between successive dots are equal, and represent 
‘*qual increments of stimulus ; the vertical distances between 
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successive dots represent the corresponding increments of 
excitation. The gradient at any point of the curve — incre- 
ment of excitation divided by increment of stimulus — gives 
the susceptibility for excitation at that point. The follow- 
ing ta])le will show how the susceptibility for excitation 
unilergoes variation through the entire range of stimulus. 
The average susceptibility for each point has been calculated 
from the data furnished by the curve. 


TABLE XXX. — SHOWIN'd THE VAllIATlON OF SUSCEPTIBILITY FOR 
EXCITATION AT DIFFERENT POINTS OF THE TROPIC CURVE.' 


Stiecesaive points 
in the curve. 

Susceptibility 
for excitation. 

Successive points 
in the enrv^e. 

Susceptibility 
for excitation. 

1 ... 

0 

14 ... 

6*6 

2 ... 

0-187 

15 ... 

4-4 

3 ... 

0-44 

16 ... 

2*5 

4 ... 

0-625 

17 ... 

T87 

f) ... 

0-875 

18 ... 

1-5 

t) ... 

1-25 

19 ... 

1-12 i 

7 ... 

1-87 

20 ... 

0-937 

8 ... 

3-12 

21 ... 

0-76 

9 ... 

5*0 

22 ... 

0-562 

10 ... 

6-25 

23 ... 

0-375 

11 ... 

8-75 

24 ... 

0-25 

12 ... 

H-87 

; 25 ... 

0-487 

13 ... 

8-12 

! 26 ... 

1 

0-06-2 

1 


The induced excitation is seen to be increased very 
gradually from the zero point of susceptibility, known as 
the latent period at which no excitation takes place. In 
the second part of the excitation curve, the rate of increase 
is very rapid ; the iiiaximum rate is nearly reached a' 
point 11 of the curve and remains fairly constant for j* 
time. This is the median range where equal increment o 
stimulus induces equal increment of excitation. The sus 
ceptibility for excitation then falls rapidly, and increase o 
stimulus induces no further increase of tropic curvatun 
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rhe maxiinim tropic curvature was, in the present case, 
reached in the course of nine minutes. The attainment of 
this maximum depends on the excitability of the tissue, and 
the intensity of incident stimulus. The characteristics that 
have been described are not confined to the phototropic 
curve but exhibited by tropic curves in general. Similar 
characteristics have been found in the c irve for electric 
stimulus (Fig. lilOa), and will also be met with in the curve 
for geotropic stimulus (Fig. Ibl). 

I may here refer incidentally to the three types of 
responses exhibited by an organ to successive stimuli of 
uniform intensity ; these appear to correspond to the three 
dilferent regions of tropic curve ; in the first stage, the 
plant exhibits a tendency to exhibit a ‘staircase’ increase of 
response ; in the intermediate stage, the response is uniform ; 
and in the last stage, the responses show a ‘fatigue’ decline. 

For purpose of simplicity, 1 first selected the simple 
type of phototropic curve, where the specimen employed 
was in a favourable tonic condition, and the stimulus was, 
from the beginning, above the minimal. Transverse con- 
iluction, which iiitluces neutralisation or reversal into 
negative, was monjover absent in the specimen. I shall now 
take up the more complex cases : (1) where the condition of 
the specimen is slightly sub-tonic, (2) where the stimulus 
is gradually increased from the suh-tnininml^ and (li) where 
the specimen possesses the power of transverse coinluction. 

EFFECT OF SUB-MINIMAL STIMULUS. 

It is unfortunate that the terms in general use for des- 
cription of effective stimulus should be so very indefinite. 
A stimulus which is just sufficient to evoke excitatory con- 
traction is termed the minimal, stimulus below the thres- 
hold being tacitly regarded as ineffective. The employ- 
ment of sensitive recorders has, however, enabled me to 
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discover the important fact that stimulus below the minimal, 
though ineffective in inducing excitatory contraction^ is not 
below the threshold of perception. The plant not merely 
perceives such stimulus, bur also responds to it in a definite 
way, by exjxjtns^ion instead of contraction, I shall designate 
the stimulus below tlie minimal, as the sab-minimal. There 
is a critical point, which demarcates the sub-minimal stimulus 
with its ex})ansive reaction from the minimal with its re- 
sponsive contraction. 

The rritictd stimulus varies in tiifferent species of 
plants. Thus the same intensity of light which induces a 
retardation of growth in ofie species of plants will enhance 
the rate of growth in anoiher. Again, the critical point 
will vary with the to/iic level of the same organ ; in an 
optimum condition of the tissue, a relatively feeble stimulus 
will be sufficient to evoke excitatory contraction ; the critical 
point is therefore low f(>r tissues in tonic condition which 
may be described as above par. In a sub-tonic condition, 
on the other iiand, strong and long continued stimulation 
will be* nect‘ssary to induce the excitatory reaction. The 
critical point is therefore high, for tissues in a condition 
below par, Stimulus Ik‘1ow the critical point will here 
induce the opposite; physiological reactioji, /.e., expansion. 
The physico-chemieal reactions underlying these oppositt^ 
physiological n‘sponses have, fv.r convenience, been distin- 
guished as the “A” and ‘‘J)” change (pp. 143, 223). The 
assimilatory ‘building up’, A change, is associated with an 
increase of potential energy of the system ; the dissimi- 
latory ‘break down’, D change, on the other hand, is atteu<l- 
ed by a run-down of energy. 

Stimulus was shown (p. 225) to give rise to both these 
reactions, though tlie A effect is, generally speaking, masked 
by the predominant D etfect. The “ A ” change is quicker 
in initiation, while the ‘‘D” effect developes later; again 
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ihe “A” effect under moderate stimulation may persist 
longer. Thus owing to the difference in their time-relations 
the A effect is capable of being unmasked at the onset 
i>f stimulus or on its sudden cessation. For the detec- 
rion of the relatively feeble expansive A effect, a special 
recorder is required wliicb combines liglitness witli high 
power of magnification. The earlier expansive r(*action and 
acceleration of rate of growth, followed by normal retarda- 
tion, are often found in tln^ responsi* of growing organs. 
Phe corresponding effect of unilateral stimulation, even 
when direct, is a transient expansion at the proximal sidt^, 
inducing a convexity of that side* and movement away from 
Stimulus (negative curvature) : this is followed by contrac- 
tion and concavity with normal positive curvature. The 
interval between the A and D effects is increased with 
increasing sub-tonicity of the specimen. Ibit it nearly 
vanishes when the excitability of tln^ sp(‘cimen is bigh^ 
and the two opposite reactions succeed each other too quick- 
ly for the preliminary A reaction to become evident. It is 
probable that in such a case the conflict between the two 
opposite reactions prolongs the latent period. But in other 
instances a preliminary expansive resi)onvSe is found to herald 
the more pronounced contractile reS})onse. Kxample of this 
is seen in figure 129 given iu page 344. 

The A effect was detected in the r(‘cords referred to 
above by its earlier appearance. Its longer persistence^ 
after moderate stimulation, is also to be found on the 
cessation of moderate stimulation. This was seen in the 
'icceleration of growth which was the after-effect of 
stimulation (Figs. 104, 115). The presence of two conflict- 
>ng physiological reactions is also made evident on sudden 
cessation of long continued stimulation. This particular 
phenomenon of “ overshooting ” will be more fully dealt 
with in a subsequent chapter. 
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Owing to the <lifference in the time relations of the 

two opposing activities, A and D, a phase difference often 
arises in their respective maxima. It is probably on this 
account that rhythmic tissues originally at standstill, exhi* 
bit under continued stimulation a periodic up and down- 
movement, which i)ersists even on the cessation of the 

stimulus. The persistence of after-oscillation depends, more- 
over, on the intensity and duration of previous stimu- 
lation.* 

The facts given above cannot be explained by the 
prevalent theory that stimulus acts merely as a releas- 

ing agent, to set free energy which had been previously 
stored up by the ^ organism, like the pull of a trigger 
causing explosion of a charged cartridge. It is true that 

in a highly excitable tissue, the external work performed 
and the run down of energy are disproportionately 
greater than the energy ot stimulus that induces it. But 
in a sub-tonic tissue, stimulus induces an effect which is 
precisely the opposite ; instead of a depletion, there is an 
enhancement of potential energy of the system. Thus the 
resjmnding leaf instead of undergoing a fall becomes 
erected ; growing organs similarly exhibit a ‘ building up ’ 
an<l an acceleration of rate of growth, in contrast with 
the usual ‘ break down ’ and depression of the rate. It is 
obvious that these new facts relating to the action of 
stimulus necessitate a theory more comprehensive and 
satisfactory than the one which has been in vogue. 

THE COMPLETE PHOTOTROPIC CURVE. 

I have explained the characteristics of the simple photo- 
tropic curve in which the tropic curvature, on account of 
the favourable tonic condition and strong intensity of 


* Plant Response p. 293, etc. 
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iicident light, was positive from the beginning, and in 
vbich the curvature reached a maximum beyond which 
:liore was no subsequent reversal. If the intensity of the 
viimulus be feeble or moderate, the quantity of light inci- 
on the responding organ at the beginning may fall 
iidovv the critical value, and thus act as a sub-minimal 
stimulus. This induces as we have seen (p. 344) a nega- 
tive tropic curvature ; continued action of stimulus, how- 
ever, converts the preliminary negative into the usual posi- 
tive. The preliminary negative curvature may be detected 
l)y the use of a moderately sensitive recorder with a magni- 
fication of about 30 times. It is comparatively easy to 
obtain the preliminary negative response in specimens 
which are in a slightly sub-tonic condition. 

Semi-conducting tissues exhibit under continued stimu- 
lation, a neutralisation and reversal into negative (p. 331). 
Since this reversal into negative usually takes place under 
prolonged exposure to exceedingly strong light, it is diffi- 
cult to obtain in a single curve all the different phases 
of transformation. I have, however, been fortunate in 
obtaining a complete phototropic curve which exhibits in a 
f^ingle specimen all the characteristic changes from a 
preliminary negative to positive and subsequent reversal to 
iHgative. I shall describe two such typical curves obtained 
with the terminal leaflet of Desmodium gyrans and the 
laowing seedling of Zna Mays, 

Complete phototropic curve of a pul vitiated organ : 
I'h'periment 136, — A continuous record was taken of the 
ction of light of a 50 c. p. incandescent lamp, applied 
‘ 1 the upper half of the pulvinus of the terminal leaflet 
* Desmodium gyrans. This gave rise : (1) to a negative 
‘ uvature (due to sub-minimal stimulus) which lasted for 

minutes. The curve then proceeded upwards, at first 
jwly, then rapidly ; it then rounded off, and reached a 
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maximum positive value in the course of 18 minutes ; 
after this the curve underwent a reversal, and complete 
neutralisation occurred after a further period of 24 minutes 
(Fig. 133). Beyond this the induced curvature is negative. 



Fru. IMIl. — Complete pliototropic curve tjiven by pulvinated Eq. organ. 
Positive curvature above, aud negative curvature below the horizontal zero line 
Pi*eliminary negative phase of response .iuo to sub-minimal stimulus. The posi- 
tive increases, attains a maximum, and undergoes a reversal. Successive dots 
at intervals of JIO seconds. Abscissa represents duration of exposure and quaatity 
of incident light. (Terminal leaflet <»f DesmoJium gym, ns,) 

(JompMe phototropic curve (\f growing organs : Experi 
menl 186, — 1 obtained very similar effects by subjectini,' 
the seedling of Zea Mags to unilateral light from an arc 
lamp for two hours. The characteristic of this curve 
similar to that given by the terminal leaflet of Desjnodiui < 
gyrans. At the first stage, the sub-minimal stimulatio 
is seen to induce a negative curvature, transformed ini ^ 
positive after an interval of 10 minutes. The maximir ^ 
positive curvature is reached after 50 minutes, and neutr. 
lisation completed in a further peri.od of 43 minut ^ 
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(Fig. 134). After this the response became transEurmed 
into negative. 


-I- 



1 

1 

Time (QueniAtitv) — > 

- 


Fill. 1;M. — Complete photot! 0 )uc curve of a ‘;rovviii,i^ organ {/ea Mayn). 

Ill a complete phototropic curve we may thus distiu- 
giiish 4 distinct stages : — 

(1) The stage of sub-minimal stimulation. 

(2) The stage of increasing positive curvature culmin- 

ating in a maximum. 

(3) The stage of neutralisation. 

(4) The stage of complete reversal into negative. 

The curve thus crosses the zero line of the abscissa 
fwice ; the first crossing takes places Hjnvards at the 
critical point of stimulation which (hnriarcates the sub- 
uiinimal from the minimal. The second crossing down- 
wards occurs beyond the point of complete neutralisation. 

In a tissue in which transverse conductivity is absent, 
md the stimulus applied from the beginning is above the 

28 
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minimal, the simple tropic curve is cor fined to the second 
stage (see Fig. Id2). 


WEBER’S LAW. 

If we neglect the preliminary negative portion under 
sul)-miniinal stimulus, the curve of excitation under increas- 
ing photic stimulation obeys what is known as Weber’s law. 
This is equally true of modes of stimulation other than 
that of light as is seen in figure 130 of the contractile 
effect of continued electric stimulus on growth; the excita- 
tory effect is also S(U)n to reach a limit. 

Weber’s law is applicable for a limited range of stimu- 
lation. For the (juantitative relation fails in the region of 
sub-minimal stimulus, where the physiological reaction is 
qualitalivcly differimt, namely expansion instead of contrac- 
tion. This holds good even in the case of animal tissues, 
for here also my recent experiments show that two opposite 
reactions —expansion and contraction — take place under 
stimulus, and that a very feeble stimulus tends to induce 
ex})an8ion instead of contraction. The responsive reaction 
of a kitten under gentle caressing strokes must be qualita- 
tively different from that of a blow. The psychological 
effects umler the two treatments evidently differ qualita- 
tively rather than quantitatively.* 

SUMMARY. 

The excitation curve exhibits a slow ascent in tht* 
first part ; in the second part the grailienl is steep, indi- 
cating rapid rise in excitation ; in the third part it is 

It Iki** been arirtied by .lames that the feelinjif does not cause, but i' 
caused hy the bodily expression .... Miinsterberg concludes that the feeling ot 
agieeableness is the mental accompaniment and outcome of reflexly produced 
luovcmeuts of extension, and disagreeableness of the movement of flexion." 
Schafer — Text Book of Physiology, Vol. ll, p. y75 O-’OO). 
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uniform ; and in the last part the curve rounds oil and 
(he rate of ascent becomes very small. 

The susceptibility for excitation is feeble at the bey in- 
ning ; it increases very rapidly with increasing stimulus ; 
finally it undergoes a fall, increase of stimulus inducing 
no further enhancement of excitation. 

In a complete phototropic curve the Jirst part is nega- 
livt; ; this is duo lo the physiological expansion induced by 
sub-minimal stimulus. The curve then crosses the abscissa 
upwards, and the positive curvature reaches a maxiniuin. 
rhis is followed by neutralisation and reversal into nega- 
tive ; the curve crosses the zero line and proceeds in the 
uegativc direction. 

Weber’s law is not applicable for the OJitiro range of 
stimulation. The quantitative relation fails in the region 
of sub-minimal stimulus, where the physiological reaction 
is (iiialitativclij different. 
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Jyottprakash Strcar, m.b. 

Plant or'^^ans cxliihit, a.s we have already seen, a helio- 
tropic cnrvatuiM^ under direct stimulation. Still more inter- 
esting is the transmitted eif(‘et of light giving rise to a cur- 
vature. Thus if the tip of the seedling of wheat he exposed 
to light, the excitation is transmitted lower down into 
the region which acts as the responding organ. Growth 
is very active in this particular zone, and the change of 
growth, induccul hy the transmitted effect of stimulus, brings 
about a curvature by which the tip of the seedling bends 
towards light. The seedling thus appears to be differentiat- 
ed into threes physiological zon(‘S subserving three different 
functions. The tip is the perceptive zone, the inter- 
vening distance between the tip and the growing region 
is the zone of conduction, and the growing region is the 
responsive zone. These differentiations are shown in a 
striking manner by certain Paniceae, Setaria for example. 
In tliis seedling the tapering sheathing leaf or coty- 
ledon is about ;■) mm. in length, and it is the upper pari 
of the cotyledon that is most sensitive to light. Below 
the sheathing leaf is a narrow length which • will 
be distinguished as the hypocotyl, and where growth i' 
very active. The apex of the leaf perceives the stimulus, 
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and the efl’ect is transmitted to the hypocotyl, which 
responds by becoming curveil so that the seedling bends 
towards light. 

It is necovssary here to make special reference to the 
confusion that arises from want of precision in the use 
of the term stimulus, used iinlitrerently to denote both the 
cause and the resulting etfect. An external agent, say 
light, causes certain excitatory change in the tissue, and 
we refer to the agent which induces it, as the stiniiUas, 
ddius in the instance cited abovii, light is the 
and it is the stimulus-eirect that is transmitted to a 
distance. iJiit in physiological literature no distinction 
is made between the stimulus and its effect, lunice arises 
frequent use of the plirase ‘ transmission of stimulus’. 
It is obvious that it is not light but its effect that is 
transmitted. 

Such want of precision in tln^ use of the term sti- 
mulus would not have seriously affected the truth about 
the description of facts, had the transmitted effect been 
only of one kind. In a nerve-and-muscle preparation, the 
velocity of transmission of excitation is so great, that it 
complet(dy masks the positive impulse (assuming the exis- 
tence .of such an impulse). The tdfect of indirect sti- 
mulation is, therefore, the same as that of direct stimu- 
lation. Any indefiniteness in the us(‘ of the term stimulus 
for its transmitted effect d(»es not, in animal physiology, 
seriously militate against the observed facts. Hut lack of 
precisiori in the employment of the term in plant physio- 
logy leads to hopeless confusion. For owing to the semi- 
conducting nature of vegetable tissue, the transmitted effect 
is not of a definite sign, but may be positive or negative ; 
in the first case, the response is by expansion, in the 
latter, by contraction. Thus the transmitted effect will be 
tery different in the two cases, according as the inteivcx/- 
ing tissue is a good or a bad conductor. These facts 
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accentuate the urgent necessity of revision of our existin" 
terminology. 

1 have shown that the effects ot other forms of sti- 
muli iw also transmitted from the perceptive to the res- 
ponding region along the intervening path of conduction. 
Thus the petiole of Mimosa perceive any form of stimu- 
lus applied to it, and the induced excitation is conducted 
to the distant pulvinus to evoke the familiar respon- 
sive fall of th(^ leaf. The pulvinus, moreover, perceives and 
responds to direct stimulation. In a nerve-and-niuscle 
preparation the responding muscle is alike perceptive and 
n*8ponsive. 

Hut in Sdaria we meet with certain characteristics of 
reaction which are (|uite inexplicable. Thus if 

“the seedling be illuminated on one side, a sharp 
heliotropic curving takes place at the apex of hypocotyl. 
The curvature makes itself apparent only if the cotyledon 
be illuminated from one side whether the hypocotyl be 
t^xposed to light or not. If the cotyledon be shaded and 
the light be perniUted to fall on one side of the hypo- 
cotyl, no heliotropic curving takes place. Hence wo may 
conclude that it is only the cotyledon that is sensitive to 
the light stimulus, and it is only the hypocotyl which can 
carry out the movement. The excitation which the liglu 
(‘ffects in the cotyh*don must be transmitted to the hypo- 
cotyl and curvature takes place only from such a trans 
mitted excitation. We have thus in this case a detinitt' 
organ for the perception of the stimulus of light, viz., 
the cotyledon, and as Rothert has shown, it is mon* 
specially the apex of that organ that is the sensitivi 
part; on the other hand, the motile organ, the hypocotyl. 
is some distance away from the sensitive organ, and in i’ 
the power of perception is entirely absent. From the behavi 
our of these organs we may draw the further conclusion tha 
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perception and heliotropic excitation are two distinct pheno- 
mena, which depend on different properties of the proto- 
plasm and which are independent of each other . , . 

We may, therefore, conclude from this experiment that these 
iwo types of excitation are fundamentally distinct pro- 
cesses, for it is only after indirect or transmitted and not 
after direct excitation that a reaction occurs in the case 
of the seedlings of the Panicoae”.* 

The noteworthy deductions on the above facts are : — 

(L) That the motile organ in Setaria is totally devoid 
of perception, since direct action of light induces 
no effect. 

(2) That perception and heliotropic excitation are two 
distinct phenomena, which depend on different 
properties of the protoplasm, and which are 
independent of each other. 

Though the conclusions thus arrived at appear to fol- 
low from the facts that have been observed, yet it is 
diilicult to accept the inference, that a responding organ 
should be totally devoid of the power of perception, and 
that excitation and perception are to be regarded as de- 
p»*ndent on different properties of protoplasm. It there- 
fore appeared necessary to re-investigate the subject of the 
perceptive power of the cotyledon, and the responding 
characteristic's of the hypocotyl. 

The criterion employed for test of perception is the 
movement induced in response to stimulus. The respon- 
sive mechduical movement is rendered possible only by the 
contractility of the organ, and mechanical and anatomical 
facilities offered by it for unhampered movement. TIkj 


Jost —Ibid - p. 4t;8. 
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petiole of Mlniasa when locally stimulated does not itself 
exhibit any movement. The fortunate circumstance of the 
presence of a motile pulvinus in the neighbourhood enables 
UH to recognise the perceptive power of the petiole, since 
it transmits an impulse which causes the fall of the leaf. 
Th(‘re is no motile pulvinus in ordinary leaves, and 
stimulation of the petiole gives rise to no direct or trans- 
mitted motile reaction ; from this we are apt to draw the 
inference that tln^ petiole of ordinary leaves are devoid of 
perception. This conclusion is, however, erroneous, since 
under stimulus the petiole exhibits the electric response 
characteristic of excitation. Moreover my electric investi- 
gations have shown that every living tissue not only 
perceives but also r(‘sponds to stimulation.* Hence con- 
siderable <loubt may be entertaiiuMl as regards tlie 
supposed absence of perception in the hypocotyl of Seiaria. 

T shall in the present paper describe my investigations 
on the mechanical response of Setaria under direct and 
ijidir(*ct stimulation which will be given in the following 
order : — 

(1) Tin* responst* to unilateral stimulation of the tip 

of thi‘ seedling. 

(2) T]u‘ respcmse of growing hypocotyl to <iirecl sti- 

mulation, 

(d) Suminated effects of tlirect and indirect stimula 
tion. 

EXPERT MENTAL ARRANGEMENTS. 

The Recorder . — The pull exerted by the tropic curva- 
ture of the seedling is very feeble ; it was therefore 
necessary to construct a very light and nearly balanced 


“ Response in the Living- aiul Non-Living ’’ — p. 17. 
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recording lever. A long glass fibre is supported by 
lateral pivots on jewel bearings. The seedling is attached 
to the short arm of the lever by means of a cocoon 
thread. The recording plate oscillates to and fro once in 
a minute ; the successive clots give therefore the time 
rcdations of the responsive movement. The positive cur- 
vature towards light is recorded as an up-curve, the 
negative curvature being represented by a down-curve. 


Arrangement for local stimulation hg light . — The device 
of placing tin foil caps on the tip employed by some 
observers labours under the disadvantage, that it causes 
mechanical irritation of the sensitive tip. The appliance 
seen in figure 13') is free from this objection and offers 



Fro. la.').— Arrangernpiit for local application of li}?ht to the tip atul the 
I^M-owinj' region. O, O*, aperture-i on a metallic screen. Light is focnsBod 
by a lein- on the tip, and on the growing region at o, o.* Figure to the 
right shows front view of the shutter re.sting on a pivot and worked by string, T. 


many advantages. A metallic screen has two holes 
0 and 0^; these apertures are illuminated by a parallel 
beam of light from an arc lamp. A lens focusses the 
light from 0, on the hypocotyl, and that from 0\ on the 
tip of the cotyledon. A rectangular pivoted shutter S, 
lies between the apertures O and Oh In the intermediate 
position of the shutter, light acts on both the tip and the 
growing region. The shutter is tilted up by a pull on 
the thread T, thus cutting off light from the growing 
I’egion ; release of the thread cuts off light from the tip. 
Thus by proper manipulation of the shutter, the tip or the 
growing hypocotyl, or both of them, may be subjected to 
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the stimulus of The experiment was carried out 

in a dark room, special precaution ])ein<< taken that light 
was screened oil* from the plant except at points of 
localised stimulation. 

EFFECT OF LICHT AT THE TIP OF THE GROAN. 

Experiment 137 , — If the tip of the seedling of Setaria 
be illuminated on one side, it is found that a positive 
curvature {i.e., towards light) is induced in the course 
of an hour or more, But in obtaining record of the 
seedling by unilateral stimulation r>f the tip, I found that 
th(5 immediate response was not towards, but away 
from light (negative curvature). The latent period was 



FiiJ. r.Ui. — Response of seedling of Setaria to unilateral stimulation of the tii' 
applied at dotted arrow. 

Note proliuiiiiary negative curvature reversed later into positive. 


about seconds and the negative movement continued 
to increase for 25 minutes (Fig. 13G). This result, hitherto 
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uiisuspectetl, is not so anoiiuilous as would appear at 
first sight. Indirect stimulus, uni Literally applied, has 
been shown to give rise to two impulses : a quicker 
positive and a slower excitatory negative. The forimu’ 
induces a convexity on the same side, and a movement 
away from stimulus (negative curvature) ; the excitatory 
negative, on the other hand, is conducted slowly and 
induces contraction and concavity, and a movement towards 
the stimulus (positive curvature). In semi-conducting or 
non-conducting tissues, the excitatory negative is weakened 
to extinction during transit, and the positive reaction 
with negative curvature persists as the initial and final 
ell'ect. 


But in Setaria the excitatory negative impulse is trans- 
mitted along the parenchyma which is moderately conduct- 
ing ; the speed of transmission of heiiotropic excitation is, 
according to Pfetfer, one or two mm. in five minutes or 
about 0*1 mm. per minute. Thus under the continued 
action of light, the excitatory impulse will reach the grow- 
ing region, and by its predominant reaction neutralise and 
reverse tht^ previous negative curvature. 

Inspection of figure 136 shows that this is what 

actually took place ; the intervening distance between the 
tip of the cotyledon and the growing region in hypocotyl 
was about 20 mm., and the beginning of reversal from 

negative to positive curvature occurred 29 minutes after 
application of light. The velocity of transmission of ex- 
citatory impulse under strong light is thus 0*7 mm. per 
minute. The positive curvature continued to increase for 
a very long time and became comparatively large. This 
is for two reasons : (I) because the sensibility of the 
tip of the cotyledon is very great, and (2) because the 
positive curvature induced by longitudinally transmitted 
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excitation is not neutralised by transverse conduction (see 
below). 


RESPONSE TO UNILATERAL STIMULUS IN THE GROWING 

REGION. 

Fj.r})eritnmt l‘]H, — 'J'he throwing region of the hypocotyl 
of Sfi/firifi is Hupposcnl to be totally devoid of tlie power 
of j)oree])tion. In order to subject the (question to experi- 
nnuilal t(‘st, I api)lied unilateral light on the growing 
region of tin* same sp(‘cimen, aft(‘r it had recovered from 
tln^ eflV'cr of pr(*vious Htimulation. Plie response? now ob- 
tained was vigorous and was ah-lnitio positive. Direct 
stimulus has tlius induced the normal ollect of contraction 
and concavity of (lie (?xcited side. The belief that the 
hypocotyl of *Ve/a>‘/a is incapable of perceiving stimulus 
is thus without any foundation. The further experiment 



Fiu. 137. — I'ltfecL of upplicaiioii of to the growing hypocotyl at arrow 

induced positive phototroi)ic curvature followed by neutralisation. Application 
of indirect stinuilus :«t dotlc<l arrow on the tip gave rise at rirst to negative, 
siibseipicntly to positive curvature. (Seedling of Setaria). 

which I shall presently describe will, however, offer an 
explanation of the prevailing error. On continuing the 
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action of unilateral lights the positive curvature after 
attaining a maximum in the course of lo minutes, under- 
went a diminution and final neutralisation (Fig. 137). On 
account of this neutralisation the seedling became erect after 
an exposure of 30 minutes; in contrast with tliis is the 
increasing positive curvature under unilateral illumination of 
the tip (Fig. 136) which continues for several hours. The 
explanation of this neutralisation under direct stimulation 
of the growing region is found in the fact that transverse 
conduction of excitation induces contraction at the distal side 
of the organ and thus nullifies the positive curvature. Tlui 
seeming absence of tropic effect umhu* direct stimulation 
is thus not due to want of perception, but to balanced 
antagonistic reactions on opposite sides of tln^ organ. 


EFFECT OF SJMUJiTANKOUS STTMU J.ATJOX OF THE TIP 
AND THE HYPOCOTYL. 

Though stimulation of the hypocotyl results in neutra- 
lisation, yet the illumination of one side of tln^ organ 
including the tip and hypocotyl is found to give rise to 
))Ositive curvature. This will be understood from the 
following ex pe r i me n t. 

After the neutralisation in the last exi)eriinent light was 
also applied to the tip from the right side at the dotted 
arrow (I'ig. 137). The record shows tliat this gave risi; 
at first to a negative curvature (away from light) ; ujider 
the continued action of light, however, the negative was 
subsequently reversed to a positive curvature, towards light. 
Inspection of the curve shows another interesting fact. 
The positive curvature induced by direct stimulation is very 
Juuch less than that brought out by indir(‘ct stimulation. 
This is due to two reasons; (1) the seiisitiven(*ss of the 
tip of the organ is, as is well known, greater than that 
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of tlio hypocotyl, (2) the positive curvature uiuler direct 
stimulation cannot proceo<I very far, since it is neutralised 
by transverse conduction of excitation. 

It will be seen from the above that the illumination 
of the tip practically iiihibits the neutralisation and thus 
restores the normal t)ositivo curvature. The question now 
arises as to how this particular inhibition is brought 
about. 


AliCiEHIlAICAIi SUMMATION OF THE EFFECTS OF DIRECT 
AND INDIRECT STIMULATIONS. 

An instance of inhibition, though of a different kind, 
was noticed in the response of the tendril of PassiJIom 
(p. 2%) ; the under side of the organ is highly sensitive, 
while the upper side is almost insensitive. Stimulation 
of the under side of the tendril induces a marked cur- 
vature, but simultaneous stimulation of the diametrically 
opposite side inhibits the response. This neutralisation 
could not be due to the antagonistic contraction of the 
upper side since the irritability of that side is very slight. 
1 have shown that the inhibition results from the two 
antagonistic reactions, contraction at the proximal side due 
to direct stimulation and expansion caused by the positive 
impulse from the imlirectly stimulated distal side. 

We have in the above an algebraical summation of the 
effects of direct and indirect stimulations. The longitu- 
dinally transmitted effect of indirect stimulus in Setaria 
may, likewise, be summated with the effect of direct sti- 
mulus. The phenomenon of algebraical summation is 
demonstrated in a very striking and convincing manner 
in the following experiment, which I have been successful 
in devising. 
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hlvperiment 1S9.—1 have explained, (Expt. 126) that iinila- 
leral application of stimulus of light on the upper half of 
fhe responding pulviiuis of Mimosa induces an up or positive 
curvature, followed by a neutralisation and even a reversal 
into negative, the last two effects being brought about 
hy transverse conduction of excitation to the distal side. 
When the incident light is of moderate intensity, the trans- 
mitted excitation only suthces to induce neutralisation 



FUi. i:W. — (rt) Dingraiiiinjibic reprcHentation of direct a])plicai.ion of lif'hi, ( V ) 
on the pulvinus aiul the indirect application on tlie stem C— Record of 
ffTect of direct stimulus, positive curvature followed by neul ralisation. Super- 
position of the positive reaction of indirect stimulus induces erectile u))-MSj/onse 
followed by down movement due to transmitted excitatory impulse {Mimofu). 

without further reversal into negative; while in this state 
of balanced neutralisation let us apply indirect stimulus 
I'y throwing light on the stem at a point tlirectly opposite 
to the leaf (Fig. FIS). 


Two different impulses are thus initiated from the effect 
d' indirect stimulus. In the present case the positive 
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reacheci the responding pulvinus after 30 seconds and 
induced an erectile nioveinent of the leaf ; the excitatory 
negative impulse reached the organ 4 minutes later and 
caused a rapid fall of the leaf. The record (Fig. 13S) 
shows further that the previous action of direct stimulus 
which brought about neutralisation, does not interfere with 
the etfocts of indirect stimulus. The individual ellecfes of 
direct and indirect stimulus are practically independent 
of each otlu'r; hence their joint elfccts exhibit algebraical 
summation. 

Wo are now in a position to have a complete under- j 
standing of the characteristic response of Paniceae to 
transmitted phototropic excitation. 

(1) liocal stimulation of the tip gives rise to two im- 
j)ulses, positive and negative. The former induces a transient 
negative movement (away from light); the latter causes 
a permanent and increasing positive curvature towards 
light. 

(2) Local stimulation of the growing hypocotyl gives 
rise to positive curvature, su])sequently neutralised by the 
transverse conduction of excitation to the di.^tal side. The 
absence of tropic eH'ect in the growing region is thus du<^ 
not t<» lack of power of perception, but to balanced anta- 
gonistic reactions of two opposite sides of the organ. 

(3) 'Pile ell'ects of direct and indirect stimulations are 
independent of each other; hence, on simultaneous stimula- 
tions of the tip and the growing hypocotyl, the etfects of 
indirect stimulus are algebraically summated with the 
etfect of direct stimulus (neutralisation). The indirect 
stimulation of the tip on the right side gives rise to 
two impulses, of which the expansive positive reached 
the right side of the responding region earlier, inducing 
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convexity and movement away from stimulus (negative 
curvature). This is diagrammatically shown in Fig. i;i9 
Had the intervening tissue been non-conducting, the 
slow excitatory negative impulse would have failed 
to reach the responding region, and the negative 
curvature induced by the positive impulse would 
prove to be the initial as well as the final effect. 
In the case of Sftaria, however, the excitatory 
impulse reaches the right side of the organ after 
the positive impulse ; the final effect is therefore 
an induced concavity and positive curvature 
(inovoment towards stimulus). 


f @ 


Fui. 130 — Diagrainmutio ropros^ontaoion of the effects of direct, anrl indirect, 
stiinidutj on the response of SHnria, Direct stiinulatiou, represented by thick 
arrow f^ives rise to antaj^onistic concavities of opposite sides of respondini^ 
liypocotyl, resulting in neutralisation. 

Indirect stimulus represented by dotted arrow gives rise to two impulses^ 
tlie (piick positive impulse rejiresentcd by a circle, and the slower negative 
iminilso represented by cr(‘scent (concave). 

The results given above enable us to draw the follow- 
ing generalisations : — 

1. Ill an organ, the tip of which is highly excitable, 
the balanced state of neutralisation, induced by direct 
stimulation of the res])onding region, is upset in two 
different ways by two impulses generated in conse(|uence of 
indirect stimulation at the tip. Hence arises two types of 
resultant response : — 

Type A. — If the intervening tissue be semi-conducting, 
the positive impulse alone will reach the growing region 
and induce convexity of the same side of t.he organ 
sjiving rise to a negative curvature. 

Type B. — If the interv(*ning tissue be conducting the 
transmission of the excitatory impulse will finally give 
rise to a positive curvature. 


29 
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'J’ype W is by the seedling of Setfiria where 

tiie tratmiiiissioii ()f excitatory impulse from the tip upsets 
the ]i(uitriil balance and induces the final positive curvature. 

Kxample of type A is fo'ind in the negative phototro- 
l)iHm of the root of Sutcipis, 

Negaiirr phoiotntjnHDi of roof of Sinapis ; Ki'periment 
NO.— Vov in v(‘Stigation of the negative photolropism of 
the root of Siodjjis h'ujrd I t(»ok record of its movement 
uiid(‘r mdlateral action of light by nn'ans of a Jtecording 
Microscop(‘, d(^vised for tin* purpose.* Wlum the root-ti]> 
alone was stimulated by unilateral light, the root jnoved 
away from the S(»uree <d' light. This was duo to the 
longitudinal transmission of positivii impulse to the grow- 
ing r(‘gion at souk? distance from th(‘ tip. The intervening 
distance* between the tip and the growing region is practi- 
cally non-conducting, henca* the excitatory impulses coulil 
not b(^ conducted from the tip. After a period of rest in 
darkness, [ n<*\t took r(‘Cord of its movement under 

dir(‘Ct uniladetal illumination of the growing region ; the 
result was at first a [)()sitiv(^ movement ; but this, on 
ac(M)unt of tiansverse conduction of excitation umler 
continued stimulation, underwent a noutralisar,it)ii and 
sliglii reversal, hi taking a third luicord, in which botli 
the tip and growing region were simultaneously subjeetetl 
to unilateral stimulation of light, I found that a result- 
ant responsive movement was induced which was awa\ 
from light. 

Thus in tin* root of Sinapis^ the expansive effect o 
indirect stimulation of the tip is superposed on that o! 
direct sthnulation of the growung region (neutral or slightly 
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negative). The final result is thus ii movement away 
! rom light or a negative phototropic curvature. 

SUMMARY. 

The eli'ect induced by stimulus oC light is transmitted 
in a distance, in a manner precisely tlie sani(‘ as in 
uther modes of stimulation. 

In the Paniceae, tln^ local unilateral stimulation ol’ the 
lip of the cotyledon induces positivi* curvature in the 
irrowing hypocotyl, at some distance from the tip. This is 
tlue to transrnitt(‘d excritatory etfecd of iiulirect stimulation ; 
ilie (‘arlier positive impulse induc(‘S a ])i*eliminary lU'gative 
curvature, which is reversed later by tlu* excitatory iu‘gative 
impulse into positive curvature. 

Contrary to generally accepted view the hypocotyl not 
only perceives but lu'sponds to light. The positive cuiwa- 
nire induced by direct stimulation is, however, neutralised 
by trans verses conduction of excitation. 

The efl’ects t)f direct and indirt*ct stimulus are inde- 
peiident of each other ; the final effect is determined by 
tlieir algebraical summation. 


29 A 



XXXIV.— ON WlO'rONASTIC CURVATURES 
li>l 

Sill .]. (J. Bosk, 

Assisted % 

(Bjrupuasanna Das. 

Pno'roTUOriO rosponsc, ])(>sitivo or iiei^ativo, is determined 
l)y the (liroetive «'iction of lioflit. i^ut photonastic reaction 
is supposed to belon^y^ to a dilterent class of phenomenon, 
^^dlere the movement is indep(‘ndent of the directive action 
of li^lit. I shall, however, ho able to establisli a continuity 
between the tropic response of a radial and the nastiv, 
movement of a dorsiventral organ. The intermediate link 
is supplied by organs originally radial, but subsequently 
rendered anisotropic by the unilateral action of stimulus of 
the environment. In a dorsiventral organ, owing to ana- 
tomico-physiological difl'erentiation, the responsive movement 
is constraineil to take })lace in a direction perpendicular i » 
the plane of separation of the two unequally excitabi * 
halves of the organ. Even in such a case, it will be shown, 
that light does exert a directive action; the direction <l 
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movement will further be shown to be distorted by the 
lateral action of light. 


PHOTOTROPIC RKSPONSE OP ANISOTROPIC ORGANS. 

The different sides of a radial organ, such as the young 
ritem of Mimosa^ are equally excitable. The response to 
unilateral light of moderate intensity Is theivd’ore positive ; 
owing to equal excitabilities of the two sides the responses 
of the opposite sides are alike. Dilfuse stimulation there- 
fore in<luces no resultant curvature. If, however, the plant is 
allowed to form a creeping habit, the excitabilities of the 
dorsal and ventral sides will no longer remain the same. 
Thus in the crei*ping stem of llinioHd the lower or the 
shaded side is, generally speaking, found to be the more 
oxcitable. In fact such anisotro[)ic stem of Mimosa acts 
somewhat like the pulvinus of the same plant. Dilfuse 
stimulation induces, in both, a concavity of the more 
(‘xcitable lower half with the down movement of the leaf 
or the stem. 

Experiment 141 , — I took four crecq)ing stems of Mimosa 
ill vigorous condition and tied them in such a manner that 
their free ends should be vertical. The shaded sides of the 
four specimens were so turned that each faced a different 
point of the compass — east, west, north and south. Subject- 
'd thus to dilfuse stimulus of light from the sky, they all 
1 ‘xecuted curvatures. The specimen whose under side faced 
du* east, became bent towards the east; the same happened 
tu those which faced north, south, and west, that is to 
ay they curved towards the north, south, and west respec- 
lively (Fig. 140). The fundamental action by which all 
diese were determined was the induced concavity of the 
Older or normally shaded side, wliich was the more excitable 
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I obtaiiiiMl similar results with various other creeping 



Fm. 1 10. — IMiotonast ic curvature of creepiuj^ hUmu of .\fiinom pudica: in the 
central ligun* the htciu is m-cu to be vertical: action of diltuse light induced 
approiuiat c curvaturts by greater contraction and concavity of the more cxcitahh* 
lower or sliadetl side, as seen in ligures to tlui right(6) and leftt^c). 


Tt has heoii shown tiiat under prolonged unilator«al 
stinmlatioti, e.\citjition hecoines inttn’nally diffused ; this 
gives rise to an effect similar to that of external diffuse 
sthnulus. Undi'r strong light the shaded side becomes 
concave, and thus press against the ground or the support; 
this will be the characteristic response of creeping steins in 
which the shaded side is the more excitable. The facts 
given above will probably ex])!ain the response of midribs 
of leaves, of tln^ creeping stem of Lysimachia, all of 
which, in response to the action of strong light acting 
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fi-om above, exhibit concavity of the shaded ami more 
excitable side. 

PA R A- H ELIOT ROPI SM. 

TTiid(*r strong sunlight, the leaflets of various plants move 
sometimes upwards, at other times downwards, so as to 
place the blades of leaflets parallel to incident light. This 
‘midday sleep’ has been t('rmed para-heliotropisin by 
Darwin. It has been thought that para-ludiotropic action 
has nolliing to do with th(‘ directive action of light 
since many leaflets eitlnn* fold upwards or downwards, 
ina'spective of the direction of incident light. 1 shall 
for convenience distinguish tlu^ leallets whicli fold upwards 
under light as posit iveljf para-heliotropic, and thos(‘ which 
f(dd downwards as iietjallvdn para-heliotropic. This is 
merely for convenience of (h'scription. There is no s])ecific 
irritabality which distinguishes oiuj froin the other. 

POSITIVE PARA-IfELTOTROPISM. 

Po ra-heliotropic response of Erythrina indie i and of 
Dlitoria ternate«i : M.rperimrnt 14:J.—Vor the pur])ose of sim- 
[)licity T have d(‘Scrib(Ml the typ(i of movement of the.se 
leafhds’as upwards; but the actual direction in which the 
leaH(‘ts point their a])ices is towards the sun. Both the 
plants mentioned here are so remarkably smisilive that 
the leaflets follow the course of the sun, in such a way 
that the axis of the cup, formed by the folding leaflets 
at the end and the, sides of the petiole, is coincident with 
'he rays of light. The pulvinus makes a siiarp curva- 
ure which is concave lo light, the blade of the leaflet 
being parallel to light. I have taken record of continuous 
uetion of strong light acting on the responding pulvinus 
the leaflets from above. The result is an increasing 
positive curvature which reached a limit (Fig. 141). There 
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was no neutralisation or reversal, demonstrating the absence 
of transverse conduction (c/. Fig. 132). 



Fkj. 1 II. — Positive piira-holiotropic roi^ponso of leafl<‘ts of hWyihrina indicn. 


Para-heliiilr()]tic movement of leaflets of Mimosa pudica : 
Experiment US. — Tlit‘He leaflets, as previously stated, fold 
themselves uj) wards, when strongly illuminated either from 
above or below. Diffuse electric siimulation also induce a 
closing movement ii])wards ; hence the upper half of the 
pulvinuh^ of these leallets are the more excitable. In order 
to obtain a continuous record of the leaflet under the 
action of unilateral light, I constructed a very delicate 
recording lever magnifying about 150 times. Light of 
mod(‘rate intensity from a 100 candle-power incandescent 
lamp was applied on the less excitable lower side of the 
pulvinule. The record (Fig. 142) shows that the imme- 
diate r(‘Sponse is ])ositive, or a movement towards the light. 
Jbit owing to transverse conduction, through the thin and 
liighly conducting pulvinuh^, the res])onse was quickly 
reversed into a very pronounced negative, or movement 
away from light. IIa<l a delicate means of obtaining 
magnified record not been available, the slight positive 
twitch, and the gradual transition from positive to nega- 
tive photo tropic curvaturi* would have passed unnoticed. 
Application of light from above gave, on account of the 
greater excitability of the upper half of the pulvinule, a 
pronounced positive response or movement towards light. 
The anomaly of an identical organ appearing as positively 
heliotropic when acted by light from above, and negatively 
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iieliotropic when acted from below, is now fully removed. 
The response of the leaflets is also seen to be determined 
i,y the directive action of light, though the short-lived 
response of the less excitable lower side is quickly masked 
)»y the predominant reaction of the more excitable upper 
^ide of the organ. 



Fro. n2. Fi(5- 

Via. H2.— Response of katlet of Mimona to liglil ;ii)plietl below; transient 
positive fojiovved by pronoiinccd negative curvature. 

Fl(i. 143. — Response of leaflet of Aterrhoa, to liglit applied above: transient 
positive followed by jnanioimced negative curvature. 

Up-cnrve represents np-meveinent, and down-curve, do wn-inoveinent. 


NEC ATI VE PARA-HELIOTUOPrSM. 

Rei^ponse of leajld of Averrhoa caraiiibola : Rxpvrimmt 
.’ /^.__The leaflets of this plant, and also those of Biophijlum 
'Aisitivum fold downwards undor action of strong Hght, 
pplied above or below. In those leaflets dill use electric 
emulation induce a fall of the leaflets demonstrating the 
reater excitability of the lower half of the pulvinule. The 
'lalysis of. reaction under light is rendered possible from 
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the record of response of leullet of Averrhoa^ given in Fig. 
14!h Light of moderate intensity from an incandescent 
el(‘ctric lam[) acted from above : the result was a feeble and 
short-lived positive responst*, quickly reversed to strong 
n(*gative ])y transmission of excitation to the more excit- 
able low(^r side. Illumination from below gave rise only to 
strong positive r(*sj)f)nse. Thus in Avnrrhod the elfecl of 
continuous light aj)plied above or below is a downward 
movement ; in Mbnosa the movement is ujAvards. The 
(explanation of this dilferenct* lies in the fad, that in 
MiinoHfi leafhd, it is the upper half of the pulviniile that 
is mor(^ (‘.xcitable ; while in AverrJioa and in Bi()phi)lii}i} 
th(' lowm* is the more (Excitable half of the organ. 

As a summary of the tropic action of light I shall give 
diagrammatic representations of various types of phototro})ic 



Fuj. 111. -Diaij^rainuKiiic* r^piv'^entation of aUtVreut typos of phototropi^ 
rospon.-c. (St*(' 

responst', including (In^ photonastic (Fig. 144). The direc* 
^ion of the arrow indicates the direction of incident light 
Dotted sjxHiimeiis are those which possess transvers(‘ conductivi' 
ty. Thick lines represent the more excitable side of an aniso 
tropic or dorsiventral organ. The size of the circles, witli 
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positive ami aej^ativo si^iis, ropresoiits tho amplitude 
and sign of curvature. 

a. Radial thick organ, in which transverse conduction 
is absent. Curvature is positive, i.r., movement to- 
wards light. The result will be similar when light 
strikes in an opposite direction, i,e,, from right 
to left. 

h. Radial thin organ. There is here a possibility of 
transverse conduction. Se(|uence of curvature : 
positive, neutral, and negative. Reversal of 
direction of light gives rise to similar sequence 
of responses as before (<?.//., seedling of Sinapis). 

c. Anisotropic thick organ ; transverse conduction 

possible. Thick line represents tlu^ more excitable 
distal side. Sequence of curvature : positive, 
neutral and pronounced negative. When light 
strikes from opposite tlirection on the more 
excitable side the curvature will remain positive, 
since the pronounced reaction of the mon^ excit- 
able side cannot be neutralised or reversed by 
transmitted excitation to the less excitable distal 
side (e,g,, leaf of Jliniosa), 

In the ahsfmce of transverse condnetioti, the curvature 
• remains positive {ejj,, leaflet of IJrgthrina). 

d. Anisotropic tbin organ with high transverse con- 

ductivity. Sequence of curvature : transient posi- 
tive, quickly masked by predominant negative. 
Light striking on the more excitable side will 
give rise only to positive. The response in nda- 
tion to the plant, will apparently be in tlu^ same 
direction whether light strikes the organ on one 
side or the opposite (e.g., leaflets of Mi7nosa^ 
Avei^rhoa and Biophytum), 

I have shown that tissues in sub-tonic condition exhibit 
tu acceleration of the rate of growth under stimulus (p. ;224) 
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th(j onrroBpondiuL' tropic reaction would therefore be away 
from stiiaiiluH or nnjalive curvature. The tonic condition 
iH, however, raiH(‘d to the normal by the action of stimu- 
lus its(dr, and the tropic curvature becomes positive. 

1 L'ive below a table which will show at a glance all 
})ossible variations of phototropic reaction. 


TMlf.K XXXI.— MK(;ilANieAC IIKSI'ONSE OF I’TILVINATKD AND GROWINO 
OUOANS UNDER LKJilT. 


DfHcript.ion of | 
I Tiw^iic ^ub- ; 


II Normally 
(•\cit:ibl(‘ 
(»r>,M!i 
iimlrr mil- 
l:ilrr;il 

li-lw. 

A. ()r«,Mii 
r:nli;il. 


H. Oorsi- 
v<'ntr:tl 
orij;:iii. 


m Kbythinio I 


Artion. 


Stimulus uiiusos increase of 
intc-nial energy. 


A 1. Moderate liglit, causing 
excitatniy coin raci, ion of 
jiroxinm) and [lositive I'xpan- 
sinn of distal. 

A 2. Strong light. Excitatory 
etl'ect tr.'insmiltc'd to distal, 
nont rali.sing lirst. 

Ad. I ntciiM* and long-continn- 
ed light. Eatigne ot proximal 
and excitatory contraction of 
(li'^tal. 

H 1. Excitatory contraction «)f 
proximal predominant, owing 
either to greater excitability 
of prt^xiinal or forbk* transver.-^e 
eoiiduet ivily of tissue. 

n 'I’la nsinission of excitation 
throngli highly conducting 
ti.sHiio to mojv excitable lower 
or distal, (irreater contraction 
of di>tal. 

(\)nsid(*r:ihle absorption of 
energy, immediate or jirior. 


ElTect observed. 


Ex])aii.sioii or enhanced rate of ' 
growr.h, e.//., J*lleus of Coprinns 
drooping in darkness, made 
re-tuigi(l by light. Renewed 
growth of dark rigored plant , 
exposed to light. 

1. Curvature towards light, t'.r/., ' 
flower bud of Ct innni. 


2. Neutralisations, e.//., seedling 
of Setaria. ' > 

d. Reversed or negative response, 
c.,v., seedling of ZcaAiays, \ 


1. Positive response, e.y., up- 

ward folding of leaflets in so- , 
calletl ‘‘ diurnal .sleep ’’ of Kry- \ 
Ihiitm hidicfi and CiiUnial 
ternnfea. i 

2. Negative* n*spoiise, t; //., down- , 

ward folding of leaflets in so-: 
called “diurnal sleep ’’ of Bio- ! 
phyfnm and Averrhoa. j 

: Initiation of multiple response | 
in JJcfonodinm yyrans previous- j 
ly at standstill ; multiple 
res])()nse under continuous , 
action of light in Biophytum. 


summary. 


1 hcrt> is IK) lino of tloinarcation between tropic and 
nastij moveiiieiifs. 
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In a differentially excitable organ the effect of strong 
unilateral stimulns becomes internally diffused, and causes 
greater contraction of the more excitable side of the 
organ. 

In the absence of transv(‘rse conduction, the positive 
curvature readies a maximum without neutralisation or 
r(‘versal. The leaflets of Krythrina indica and of 
Clitoria ternataa thus fold upwards, the apices of the 
leaflets pointing towards the sun. 

Internally diffused excitation under strong light induces 
greater contraction of the more excitable half of the 
pulvinule, causing upward folding of Mimosd leaflet, and 
downward folding of the leaflets of Binphytiim and 
Averrhon, 



XXXV.— KI-'FECT OF 'I’EMFEUATURK ON FIIOTOTROPIC 
CURVATURE 


/>’.'/ 

Sill J. C. Hose, 
jUs lifted hij 

(lURUPKASANNA DAS. 

1 silALii in (his chapter deal with certain anomalies in 
ph(»toir()j)i(; curvature, brought about by variation of tem- 
perature and by seasonal chaii^^e ; ceriain organs again 
are appaiauitly erratic in their phototropic response. 


SKASOXAL CHAXtJK OF PHOTOTllOPlC ACTION. 

Saclis ebserv(‘d a ])Ositive ])hototropic curvature in the 
sleins of 'fropfrolinn tttajffs in autumn ; but tliis was 
roveivsed into negative in summer; similarly in the 
hypocotyl of Ivy, (ho ])ositive curvature in autumn is 
conviTied into negative curvature in summer. 

(h'rtain organs are apparently insensitive to the action 
of light. 'riuis no phototropic response is found in the 
tendril of Pussijlnra even under the action of strong 
light. The tendrils of Vitis and Amj)elO]>His exhibit, 
according to \\ iesner, positive phototropism under feeble, 
and negative phototropism under strong light. 

The anomalies referred to above may be explained by 
taking Mito consideration the modifying influence of 
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temperature on the excitability, and the conductivity of 
the organ. 


EFFECT OF TEMPERATURE ON EXCITAIULITY. 


The oxcit{)))ility ot‘ an organ is abolished at a low 
u inporature ; it is enhanced by a rise of teinpt‘rature up 
to an optimum. The temperature minimum and optimum 
\aries in ditl’erent tissues. The following table shows 
(he enhancement of excitability of Mluioaa at different 
temperatures, the testing stimulus being the same. 


'lAIU.E XXXII — SIIO\VrN(i VAIUATIOX OK KX(MTA1UIUTY OK IMMAIXUS OK 

Mimosa at dikkericxt tempeuaturks. 


Tenip'‘ratur(‘. 


Aiiii)litu(li‘ of res|M)!iso, | 


22^(.'. ... 2 divisions. 

... H) 

:i20C. ... : 3(5 ,, 


Below 20^0. the excitability of the piilvinus of Mimosa 
is practically abolished. The excitability increases till an 
oj)tiuium temperature is reached, above which it undergoes 
a declin.?. 

Though rise of temperature^ enhances excitability up 
to an optimum, there is an antagonistic nuiction induced 
by it which opposes the excitatory contraction. The 
physiological reaction of a rise of temperature, within 
normal range, is expansion and this must oppose the 
contraction induced by stimulus. Hence the effect of 
fise of temperature is complex ; it enhances the excita- 
oility which favours contraction, while tending to oppose 
diis contraction by the induced physiological ex})ansion. 
Vs a result of these opposite reactions there will be a 
critical temperature, below which the contractile effect 
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will Hilativf^lj b(‘ '^nydtev than expansion; above the 
critical point, expansion will be the predominant efl'ect. 
The critical temperature will obviously be different in 
dillenmt orj'ans. The positive curvature may thus bo 
increasiMl by a sli^ht rise, while it may be neutralised, or 
even nwersiMl by a greater rise of temperature. 

Tln^ induced variation of excitability due to change of 
ttmiperature is not the only factor in modifying tropic 
curvature, for variation of conductivity also exerts a 
marked (dlect. 


EFFEirr OF TEMPERATUTIE ON CONDUCTION. 

Tlu' conducting power of an organ is greatly enhanced 
with rise, of tem])(irature. Thus in Mimosa the velocity of 
transmission of (excitation is doubled by a rise of tempera- 
tun^ Ihrough lP(b ([). 100). An organ which is practically 
uon-conductiiig at a low temperature will become conducting 
at a liiglnu’ temperature. 

Thus at a low temperature the organ may be non- 
conducting, and th(‘> excitatory contraction under unilateral 
stimulus will remain localised at the proximal side ; this 
will give rise to a positive curvature. Hut under rising 
temp(*rature, the [)ower of transverse conduction will be 
incrtnised and the excitation will be conducted to the 
distal side. The result of this will be a neutralisation or 
reversal into negative curvature (p. IHO). A positive 
curvatuia* is thus reversed into negative by change of 
excitability and conductivity, induced by rise of tempera- 
ture ; examples of this will be given presently, 

PHOTOTROPIC RESPONSE OF TENDRILS, 

1 shall here adduce considerations which will show that 
the apparmit anomalies regarding the response of tendrile 
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to light is due to the variation of transverse conductivity of 
the organ. In a semi-conducting tissue, while the excitatory 
effect of feeble stimulus remains localised at the proximal 
side, the oHcct of stronger stimulus is conducted to thi‘ distal 
side. This explains the positive phototvopic curvature of 
tendrils of Vttis an<l Awpelopsin under feeblt) light, am^ 
its reversal into lu'gative curvature under intense light. 


As the conducting power is increastol with rise of tem- 
perature it is evidcmt that at a ccntaiii temperature the 
tropic effect will bo exactly neutraliseil by transverse^ con- 
duction. Lowering of temperature, l)y reducing tlu^ trans- 
mission of excitation to the distal side, will restore the 
positive curvature. Enhancement of conduction under rise 
of temperature will, on the other hand, increase the anta- 
gonistic reaction of the distal side and give rise to 
a negative curvature. 


I shall in verification of the above, describe experiments 
which 1 have carried out on the phototropic response of 
the tendril of Passijl')ni, suppos.^d to be insensitive to 
the action of light. 


Phototropic response of the tendril of Passitlora : 
h].rperi))ie)it 146, — The tendril was cooled by ke'eping it 
for a long time in a cold chamber, maintained at lo'^C. 
'rhe effect of unilateral light on the cooled specimen was 
found to be positive ; the tendril was next alio weal to 
assume the temperature of the room which was .‘>0^0. 
Phe response was now found to have umlergone a change 
into negative. 'Plie ])Ositive and negative i)h()totro[)ic 
curvatures of an identical organ at differiuit temperatures is 
seen in the two records given in figure 145. Neutralisation 

30 
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tak<*H |)Iac<‘ at an intermediate temperature, and the organ 
thus app^'ars insensitive to light. 

SEASONAJj VARIATION OP IMIOTOTUOPIC CURVATURE. 

|{<‘no-encr lias h(‘en made o£ the pliototropic curvature 
of TroiKVohnn and of Ivy undergoing a change from 



cnrvatnreof ten.lril of ramflouL ui 15 ^C. ; fJ) neralivo 

plKflolropir O'lvv.iliire at 

|)08ilivo 111 autmna to negative in summer. The experi- 
ment (lescrilieil jiliovo shows that rise of temperature, by 
ynl.aneing transverse conductivity, transforms the positive 
MHO negative heliotropic curvature. The reversal of the 
l>l>ototropic.. curvature of Trotmolam and Ivy, from positive 
in autumn to negative in summer, finds a probable explana- 
tion in the higher temperature condition of the latter 
s. asim. lhi.s inference finds independent support from the 
fact previously described (p. 100) that while the velocity of 
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conduction of excitation in the petiole of Mimosa is as 
high as 30 mm. per second in summer, it is reduced to 
about 4 mm. in late autumn and early vinter. 


ANTAGONISTIC EFFECTS OF LIGHT AND OF RISE 
OF TEMPERATURE. 

I have explained the complex effect of rise of temperature 
on phototropic curvature. Eise of temperature, within 
limits, enhances the excitability, and therefore the positive 
curvature under light. Its expansive reaction, on the otlu'r 
hand, opposes the contraction of the proximal side, which 
produces the normal positive curvature. Rise of tenux^ra- 
lure, as previously stated, introduces another (jleinent of 
variation by its elTecl on conductivity. Transverse conduc- 
tion favoured by rise of temperature promotes neutralisation 
and reversal ; the resultant effect will thus be very 
complicated. I give below account of an experiment where 
the induced positive curvature under light underwent a 
reversal during rise of t(*mperature. 


Reudrsal of tropic curvature under rise of temperature : 
Experiment 140 , — The specimen employed for this experiment 
was a seedling of pea, enclosed in a glass chamber, the 
temperature of which could be gradually raised by means of 
an electric heater. Provisions were made to maintain the 
chamber in a humid condition. The temperature of the 
chamber was originally at 29°C., and application of light on 
one side of the organ gave rise to positive curvature, followed 
by complete recovery on the cessation of light (Fig. 140a). 
The next experiment was carried out with the same specimen ; 
while the plant was undergoing increasing positive curvature 
under the continued action of light, the temperature of the 

30 A 



394 LIFE MOVEMENTS IN PLANTS 

chamber waH gradually raised from 29° to at tlie point 

marked with arrow. It will be seen that the positive curvature 
became arr(‘Sfced, neutralised, and finally reversed into negative 
fKig. 146b). 
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Fk;, 1 F».~-J0(Teci. of riHC of Icmpcni.! un; ()n jjliotol ropic (Mirvat uru. (a) nornui] 
poHit ivc (Mirvat.iirc followod by recovery, (ft) reversal of positive into negative 
curvature by rise of temperature at (II). (I’ea seedling). 


After-rffect of risr of teoiperattire : Kxperitaent 147 . — The 
after-ell’ect of rist' of temperature (exhibited by tliis speciiiKm 
was extremely curious. The temperature of the chamber was 
allowed to return to the normal, anti the experiment repeated 
after an hour ; the response was now found to be negative 
(Fig. 147a). It appeared probable that the temperature in tht' 
interior of the tissue had not yet returnetl to the normal, and 
an interval of four hours was therefore allowed for the res- 
toration of the tissue to the normal temperature of the room. 
The response still persisted to be negative, as seen in the series ot 
records obtained under successive stimulations of light of shorl 
duration ; these negative responses exhibited recovery on the 
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cessation of light (Fig. 147b). This reversal of response as an 
after-effect of rise of temperature was in this case found to 




Flc. 117. — Aflor-cfTfCi. of rtno of tciuporaturc, persistent, nej^iitive curvature : («) 
response one hour after rise of temperature ; (6) series of negative responses after 
1 hours (successive stimuli applied at vertical lines). 


persist for several hours. I experimented with the same speci- 
men next day when the response was found restored to the 
iiorinal positive. 


SUMMARY. 

Rise ’of temperature, within limits, enhances the general 
excitability of the organ. This has th(3 effect of increasing 
positive phototropic curvature. Rut the physiological expan- 
sion induced by rise of temperature exerts an antagonistic 
olfect. 

The transverse conductivity is increased with the rise of 
temperature ; this favours neutralisation and reversal of photo- 
tropic curvature. 

Tendrils of Passi/lo7*a, supposed to be phototropically 
insensitive, exhibit positive curvature at low, and negative cur- 
vature at a moderately high temperature. 
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The change of phototropic curvature exhibited by 
Tropmolum 7najus and Ivy, from positive in autumn to 
negative; in summer, is probably due to the effect of tem- 
perature. Higher temperature with enhanced transverse 
conductivity in summer, may thus convert positive into 
negative curvature. 

The physiological effects of rise of temperature and the 
stimulus of light are antagonistic to each other. 

Rise of temperature tends to neutralise or reverse the 
positive phototropic curvature. The after-effect of temperature 
is often very persistent. 



XXXVI.— ON PHOTOTROPIO TORSION 


By 

Sir J. C. 

As^istM by 

SURKNDRA Chandra Das. 

In iuiditiou to positive or negative eiirviitiires light 
induces a responsive torsion. With regard to this Jost 
says 

“ Tlie mechanics of the torsions have not as yet been fully 
explained. It has long been believed that these torsions were 
occasioned only by the action of a stories of external factors, 
such as light, gravity, weight of the organ which individually 
led to curvatures, but in combination induced torsions ; but 
later investigations have shown that torsions might appear 
when light only was the functional external factor. . . . If the 
(orsions cannot generally Ix^ regardtul as due to the combina- 
tion of tvv'O curvatures, we are coinphdely in the dark as to the 
mechanics of their ])roduction,’** 

A leaf when struck laterally by light undergoes a twist, so 
tluit the upper surface is placed, mon; or less, at right angles to 
the incident rays ; as no explanation was available for this 
movement, the suggestion has been made that the particular 
reaction is for the atl vantage of the plant. I shall presently 
show, that it is possible to reverse this normal torsion and 
thus make the upper surface of the leaf move away from 
light. 


* Jost— /ft/V/— p. 4(;5. 
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Th(‘ oxix'riiiKMits which T sluill pr.^sently <lescnl)e will, 
it is hoped, throw !i"ht on the obscure phenomenon. I shall 
h(^ al)l(^ to sliow : 

(1) that the torsional response is not dependent on tlu‘ 
combination of two curvatures, 

(;i) that it is also indepcmdent of the ellect of weight, 

(:\) tlial it may l)(‘ induced not merely by stimulus of 
li^iit blit by all forms (d* stimulation, 

(1) that tliiMlir(‘ction »»f the torsional response dopimds 
on thr direction of tJu* incident stimulus and tlu‘ 
dilVerciitial (‘xcitabilit}' of the or^an, and 
(/}) that then; is a (hdinite law which determines the 
torsional movement. 

1^: X I u r M E N a l a r r a n ( ) e m k n t s . 

I shall iirst deseril)e a typical experiment on the responsive 
torsion under the action of lif?ht. We have si'en that in thii 
piilvinus of J//h//o.s*a, li^dit of moderate intensity and of short 
iluration applied on the u[)per lialf induces a slow up-move- 
ment, while the stimulus of light applied below induces a more* 
rtiiiid down-movement. The dilTerence is due to the fact that 
tin* low(‘r half of the pulviuus is relatively tlie more excitable. 
Vortical light thus induc(‘S a movement in a vertical i)lane. 
JUit an interesting vjiriation is induced in the response under 
the action of lateral light. A stimulus will be called lateral 
when it acts on either the right or left Hank of a dorsiventral 
organ. We shall presently lind that a dorsiventral organ 
res[)onds to lateral stimulus by torsion. 

The present st'ries of experiments were carried out with th(‘ 
leaf <d‘ Miaiosa^ and in order to eliminate the etl’ect of weight 
and also for obtaining record of pure torsion, I employed the 
following di‘vico. Tlie petiole was enclosed in a hooked 
sup[)orl made of thin rod of glass, the petiole resting on the 
concavity of the smooth surface. Friction and the 
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oiled of weight is thus j)ractically eliminatcnl ; the looped 
support prevented up or down movements, and yet allowed 
perfect freedom for torsional response. This latter is magnified 
l)y a piece of stout aluminium wire fixed at right angles to the 



b’ui, Ms. — Dijigratuinat io representation for record of torsional re.^ponse. U, tinn 
f^dass liook : A, aluniiiiuin wire attached to petiole for inji;^nifie:it ion of torrtioual 
inovcnient. T, silk thread for attachineut to recording lever. 

petiole (Fig. 14(S). The end of the aluminium wire is attached 
to the sh*ort arm of a recording lever ; there is thus a com- 
pound magnification oL' the torsional movement. The Oscillat- 
ing Recorder gave successive dots at intervals which could he 
varied from 20 seconds to 2 minutes. Tiim^-relations of the 
response may thus he obtained from tin* dotted record. 

With the experimental device just described, we shall be in a 
])<)sition to study the (dIVet of various stimuli applied at one 
Hank of the pulvinus — at the junction of the npjier and lower 
halves of the organ. The observer standing in front of the 
leaf is supposed to look at ihe stem. Torsional response will 
then appear as a movement either with or against the hands of 
the clock. The torsional response, right-handed or left-handed, 
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will presc^iitly be Hliown to Oepeiid on the direction of incident 
Htiinulus. Ill ii^nire liD, anti-clockwise torsion is recorded 
as an np-curve ; clockwise rotation is recorded as a down- 
curve. 

ACTION OP STIMULUS OF LIGHT. 

Kxitrrirnfihi 14H . — The pnlvinns of the leaf was stimu- 
latiid by a horizontal beam of lij'ht thrown in a lateral 
direction; tin; arenas contiguous to line of junction of the 
upp(‘r and lower halves of the anisotropic organ thus under- 
went dilfennitial excitation. When light struck on the left 
flank, t]u‘ responsive torsion was anti-clockwise ; the respon- 
siv(; reaction thus made the U])per and the lean excitable 
half of the jnilvinus face the stimulus. Figure 1411 gives a 



Kn:. 1 \\K -Ucconl of torsional response of pnlvinns of Mitnufa pxiiica. 

record of th(‘ torsional movement wdieii light struck the 
]i*ft Hank of the organ ; on the cessation of stimulus the 
response is followanl by recovery. 

DIRECTIVE ACTION OF STIMULUS. 

Kvperinient 140 , — If now the direction of stimulus be 
changed so that light strikes on the right flank instead 
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of the left, the responsive torsion is found to be reversed, 
(he direction of movement being clockwise. Here also the 
responsive movement is such that it is the less excitable 
ii[)per half of the organ that is made to fact* the stimulus. 
It wdll thus be seen that the torsion, anti-clockwisti or 
clockwise, depends on two factors, nantely the direction of 
stimulus, anti the dilferential excitability of tlie organ. 

HPPECT OP DTPPERENT MODES OP LATERAL STIMULATION. 

I shall now proceed to show that thii torsional response 
is inducetl not merely by the action of light, but by all 
forms of stimulation. 

Fjffect of cheniic'xl sllmtflaiiott : Frpei i^nent 150. — Dilute 
hydrochloric acid was at first applit*d on the left flank 
of the pulvinus along the narrow strip of junctit)n of 
the upper and lowt'i* halvt*s. This gavt^ rist^ to a respon- 
sive torsion against the hantls of a c]t)ck. riiemical 
stimulatitm of the rigid flank induced, on tlie othi‘r band, 
a torsional movement with the hands of a clock. H(‘ri* 
also the direction of stimulus is found to det(*rmine th»* 
direction of responsive torsion. 

Effect of thermal radiatioii : Kxperirneot 151, — I next 
employed thermal radiation as the stimulus ; tlui source of 
radiation was a length of electrically heated platinum 
wire. It is advisable to interpose a narrow' horizontal 

slit, so as to localise the stimulus at the junction of the 
upper and lower halves of the pulvinus. Stimulus ajiplied 
At the left flank induced left-handed or anti -clockwise 
torsion ; application at the right flank gave rise to right- 
handed torsion. 

Geotropic stimulus, — The stimulus of gravity induces, 
as I shall show^ in a subsequent chapter, a similar 
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n‘S|)<)n“^iv«! torsion, tlio direction of wliicli is determined 
])V tin* direction oT incident stimulus. 

Kl’FKt’r OF DIFFKRKNTTAL KXClTAlULITY OX THE 
DIIIEOTION OF TOllSIOX. 

I’lidcr iiorniiil conditions, the torsional response under 

li^rhr |)la(*cs tin* upper surface of the leaf or leaflets at 
rittlit aiiLflrs to lii'lit. That this movement is not dm* 
In soiii'* specific st'usihilit y to H^dit is shown by the 

fact that all ino(h‘S of slimulatioti, chemical, thermal or 
^n-avitat ional. induc(‘ similar responsiva^ torsion. The tor- 
sional n'sponsc is, inoreov(‘r, shown to be determined by th(‘ 
diniction of inc.i<h‘ut stimulus, and the differential excita- 
bility of ilu‘ origan. This latter may be reversed by the 
local application of various depressing agents on the nor- 
mally mor(‘ (3xcitahl(‘ lower half of the piilvinus. Un(h*r 
this tra'afinont, tin* low(‘r half of the pulvinus may lx? 

n‘nd(‘r(‘d rclalivt'ly the h‘ss excitable. Ijateral applica- 
tion of light now induc(‘s ;i torsional movement which is 
the reverse of tin* normal, so that tin* upper surface of 
the h‘af moves away from light. The advantage of the 

])Iant cannot, therefore, be tin* factor which determines 
the directive movement : the teleological argumeyt often 

advanct'd is, in any case, no real explanation of the 
phenomenon. 

lt» nil tin' instances given above, and under every 
mode ot stimulation, the la'spopsive movement makes tin* 
h'ss exeitahle halt of tlie pulvinus face the stimulus. Tin 
torsiv)nal response is. in ri‘ality, the mechanical result o1 
tlie dilb*rential contraction of a complex organ, which is 
fixetl at one end and subjected to lateral stimulation. 
I have lu'cn ahU* t(» vt‘rify this, by the construction of 
an artiticiai pulvinus consistiug of a compound strip, tin 
upper halt t)i which is ebonite, and lower half the more 
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contractile stretched India-rubber; if such a strip be held 
^ curely at one end in a clamp, and if the lateral Hank, 
consisting half of ebonite and half of India-rubber, be 
subjected to radiation, and record taken in the usual 
Dianner, it will be found that, a torsional response takes 
place which is similar to that of the pulvinus of Mimosa. 
'rii(^ above experiment was devised to offer an explanation 
(d‘ the mechanics of the movement. It should, however, be 
i/orne in mind i/i this connection that the torsional 
rispcmse of pulvinus is brought about by differential 
jifiijsiolof/icaf contraction of the organ, the movement being 
iil)olished at (huith. 

I'rom the results given above, we arrive at the follow- 
ing 

LAWS OF TORSIONAL RESPONSK. 

1. An ANISOTROPIC ORIiAN, WHEN LATERALLY EXCITED 
BY ANY STIMULUS, UNDERGOES TORSION RY WHICH THE 
liESS EXCITABLE SIDE IS MADE TO FACE THE STIMULUS. 

2 . The intensity of torsional response increases 

WITH the DIFFERENTIAL EXCITABILITY ; WHEN THE 
ORKJINAL DIFFERENCE IS REDUCED, OR REVERSED, THE 
TORSION,AL RESPONSE UNDERGOES CONI^OMITANT DIMINU- 
TION OR REVERSAL. 

Having thus establislied the laws that guide torsional 
i'espons(*, 1 shall try to explain certain related phenomena 
which are regardtal as highly obscure. I shall also des- 
cribe the application of tin* method of torsional res])onse 
Ml various investigations. 


COMPLEX TORSION UNDER LIGHT. 


The leaves of the so-called “Compass plants” exhibit 
very complex movements, these being modified according to 
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t]i(^ iiitonsUy of inciOont light. Thus in compass plants 

unOor iiKxlcratcj intensity of light in the morniii;^ 
or ill tin* evioiiiig, turn themselves so as to expose their 
Hnrfac(‘S to the iiiciOent rays. But under intense sun light, 
the heaves perform bendings and iwistings so that they 
.stand at prolile at midday. 

I have not y(U been able to secure “Compass plants” 
:it (hileaitta. I shall, however, describe my investigations on 
the e.omplieated torsional movemenis exhibited by certain 
lealhds by the action of vertical light. The results 
nhlaiiKMl from th(‘se will show that torsional movements, 
even the most complex, ar(‘ capable of (‘xplanatiori from 
the geinn-al laws that have Ixuni established. 

7'ey.s/e/e// in(W(innit af leajlrt of Cassia alata : Kxperi- 
oo!)if IoL\- Tli(‘S(‘ leathds are closed laterally at night Imt 
place tl)emselv(‘s in an outspread position at day time. 
'Phe (diarjicter of the moveiueub is, however, modified by 
tin* intensity of light. With moderate’ light in the morn- 
ing the Iicitleis ojxm out lateraliy. But under more intense 
light, tlii‘ piilvimiU^s of the leafh'ts exhibit a torsion by 
winch llie formerly infolded surfaces of the leaflets art' 



exposi'd at riLdit angles to light from above (Fig. loOi 
Siudi complicated movements, in two directions of space, qyi 
al.M) (‘xhibi^ed by other leaflets which are closed at nigh“ 
in a lateral direction. 
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For obtaining an explanation of these complex move- 
ments under different intensities of light, we have first to 
discover the particular disposition of the two halves of 
tlio pulvinule which are unequally excitable ; we have next 
Lo explain the responsive movements under the directive 
action of moderate and of intense light. 

Determ hiation of differential ercitahil ities of the organ : 
hjXlierimeni 153, — In th(^ leaflet of Cassia the movement 
ef opening under diffuse scimulatioii of light can only be 
lirought about by the contraction of the outer half, which 
iiiiist therefore^ be the more excitable. This is indepen- 
<hu?tly demonstrated by the reaction to an electric-shock. 
On subjecting the half closetl leaflets to difVuso electric 
nrilation, they optm outwards in a ta feral dii^ection. 
The disposition of th(i unequally excitabh^ halves of the 
pulvinule is thus different from that of lh(3 main pulvinus 
of Minntsa, In the latter, the plane that divides the two 
halves is horizontal, the lower half b(dng the more (excitable. 
'Phus in tlu^ pulvinulo of Cassia the plane that separates 
(he two UTKapially (Excitable halVv‘S is vcndical, th<^ outer 
half being the more excitable than tin* innei*. lly inin^r 
half is here meant that half which is inside when tJie 
leaflets are closed. 

Effect of strong vertical light : Experiment 151 , — 
When the plant is placed in a moderately lighted room, 
the leaflets open out laterally to the outmost. This is 
brought about by the contraction of the more excitable 
outer half of the organ. If strong light be thrown down 
from above, a new movement is superposed, namely, of 
torsion by which the leaflets undergo a twist and thus place 
their inner surface at right angles to the vertical light. 
I u order to investigate this phenomenon in greater detail I 
placed the plant in a well lighted room, the leaflets 
‘•eing three quarters open un<ler the diffuse light. A very 
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li^rht in(l(‘x was attached to the leaflet for magnifying th( 
siil)S(M|ueot torsional movement. A strong beam of parallei 
linhr from an a.r(; lamp was thrown down on the piilvi- 
rrom above ; this felt at the junction of the more 
♦•xcitable outer with the less excitable inner half of 
the organ, the plane of separation of the two unequally 
excitable halves Ixhng, as ])reviously explained, vertical. 
I have shown that under lateral stimulation, a dilTerentially 
c\c.ilal)le organ underg<M‘S torsion by which the less excit- 
abb‘ half is made to face the stimulus. Since it is tie- 
inner half of th(‘ organ that is th(^ less excitable, tin* 
alla(dn‘d leatbu Ix'c.onies twisttnl so as to (*-X])ose its (former 
infobhMl) surfa(a‘ upwards, at right angh'S to the incident 
light. 


As a confirmatory test, strong light was made to strike 
tin' pulvinuie from hr/ou' with the result that the leaflets 
(‘xhilutcd an o[>|)osit(‘ torsion by which tludr surfa(;es faced 
downwards, so as to be at right angles to light that struck 
tln*m from Indow. 

Under normal (Conditions sunlight comes from abov(' ; 
stimulation tlius takes ])lace at tlu' junction of tin' two 
diffi'rentially t'xcitable halves of the organ, tin*- plane of 
si'paration of which is vertical. The torsion induced maki's 
the less excitabh* inner half turn in such a way that the 
inner surlaces of the leaflets are placed perpendicular to 
the incident light. 


VI)VANTA(;KS of the method of TORvSIONAL response. 

d he torsional la'sponse not only affords a new metho ' 
(d en(|niry <m tln^ reaction of various stimuli, but it als- 
posst'ssi's ct rtain advantages. For instance in studying th 
response ot the leaf of Mimosa under light, the records wei' 
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aken of the movement of the leaf in a vertical plane. But 
rhe responsive up-movement, induced by light acting from 
above, is opposed by the weight of the leaf. But in the 
forsional response, the leaf rests on the hooked glass 
j^upport and the movomeiU is thus free from the compli- 
cating factor of the weight of the leaf. Again the pulvinus 
of Mimosa^ for example, is sometimes subject to spontaneous 
variation of turgor, on account of which it exhibits an auto- 
nomous up or down movement. In the ordinary method of 
record the true response to external stimulus may thus be 
modified by natural movement of the leaf. But in the 
torsional method, the autonomous up or down movement is 
restrained by the hooked support, and the response to lateral 
stimulus is unaffected by the spontaneous movement of the 
leaf. The torsional method, moreover, opens out possibilities 
of inquiry in new directions, such as the comparison of 
the excitatory efl'ects of different stimuli by the Method of 
of Balance, and the determination of the effectivij direction 
of geotropic stimulus. 


THE TORSIONAb BALANCE. 

A Ixiain of light falling (Oi the left flank of the pulvi- 
nus of Minioaa induces a torsion against the hands of th(; 
<’lock. A second beam falling on the right flank opposes 
the first movement ; the resultant effect is therefore 
determined by the effective stimulation of the two flanks. 
The pulvinus thus becomes a delicate index by which 
■wo stimuli may be compared with each other. The follow- 
ing experiment is cited as an example of the application of 
he method of phototropic balance. 

Experiment 156 . — Parallel beam of light from a small 
^rc lamp passing through blue glass falls on the left flank 
of the pulvinus ; a beam of blue light also strikes the 
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pulviniis from tho right side, and the intensity of the latter 
is so adjusted that the resultant torsion is zero. Blue glass 
is now removed from the left side, the unobstructed whiti- 
liglit heiyig idlowed to fall on the left flank of the piil- 
vinus. This was found to upset the balance, the resultain 
torsion being anti-clockwise. This showed that white ligln 
imbuted greater excitation than blue light. We next inter- 
pose a re<l glass on the left sole, with the result that tin* 
halan(;e is ups(‘t in the (»ppoHite <lirection. This is because 
the j)lietotropic effect of red light is comparatively feeble. 
W(i may thus company the tropic (dfect of one form of 
stimulus against a totally ditfercmt form, phototropic against 
geotropic action for examples. It is enough here to draw 
att(‘ntion to the various investigations rendered possible by 
the method of balance. Concrete examples of some of 
these will be given in a subsequent chapter. 


LKTEHMINATION OF THE DIHECTTON OF STIMULUS. 

I have shown that the torsion, clockwisi? or auti-clock- 
wisc, is »l(germined by the lUrcction of incident stimulus. 
Hence it would be possible to determine the direction of 
incident stimulus from tln^ observed torsional piovemeiit. 
In the case of light, the direction of incident stimulus 
is quite a[)pan‘nt. But it is dillicult to determine the dinc- 
ti(»u of stimulus which is itself invisible. In such cases. 
tlu‘ torsional iiioveiinmt gives us infallible indication ‘'f 
the etlective direction of stimulus. The ai)plication of this 
])rinciple will be found in a later chapter. 


SUMMARY. 


Lateral stimulus induces a torsional response in a dor * 
ventral organ. This is true of all inodes of stimulatio! . 
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The responsive torsion is determined by the direction 
uf incident stimulus, and the differential excitability of two 
halves of the organ, the torsion being such that the less 
excitable half of the organ is made to face the stimulus. 

The twist exhibited by various leaves and leaflets under 
light finds its explanation from the demonstrated laws of 
torsional response. 

The direction of incident stimulus may be determiiieil 
from the responsive torsion of a dorsi ventral organ. 

The Method of Torsional Halance enables us to compare 
the excitatory efficiencies of two different stimuli which 
act simultaneously on the two flanks of the organ. 



XXXVIL— RADIO-THERMOTROPISM 

By 


Sir J. C. Bose, 


Asmtcd hy 
Guruprasanna Das. 

Wk liavo. fltudied the tropic curvature induced by 
rays of li^ht. We saw that while the more refran- 
j'ilile rays of the spectrum were most effective, the leas 
refranKd)le rays were ineffective. Below the red, there are 
the thermal rays about whose tropic effect very little is 
delinitidy known. 

The intricacies of the problem are very great owing to 
liie (liHiculty of discriminating the effect of temperature 
from that of radiation ; to this must be ascribed the contra- 
dictory results that have been obtained by different obser- 
v.i’S, of which Pfeifer gives the following summary:* 

“In addition to the action of ultra-red rays which are 
associated with the visible part of the spectrum, dark heat- 
rays of still gnniter wave length, tis well as differences of 
temperature may produce a thermotropic curvature in 
certain cases. Wortmann observed that seedlings of Le}'- 
dnim mtivum and Zea as well as sporangiphores f 

riiiH'otnyces curveil towards a hot iron plate emitting da k 
heat-rays. Steyer has, however, shown that the sporam. - 
phore of Phyconnjees has no power of thermotropic ; - 
action . . . Wortmann observed that the seedling shoot i 


Pf^ffer-/6i(i-.Vob III, p. 776. 
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;'ea Mays was positively, but that of Lepidium negatively, 

I .erinotropic . . . Steyer, however, found that both plants 
V ere positively thermotropic. Wortmann has also investi- 
i/:ited the radicles of seedlinsrs by growing them in boxes 
of saw-dust, one side being kept hot, the other cold.” 

It will be noted that in the investigations described 
above, thermotropic reaction has been assumed to be the 
same under variation of temperature (as in experiments 
with unequally heated saw-dust), and under radiation from 
heated plate of metal. With reference to this dost main- 
tains that “ so far as we know, thermotropism due to 
radiant heat cannot be distinguished from thermotropism 
<lue to conduction^* 

The effect of temperature, within optimum limits, is a 
physiological expansion and enhancement of the rate of 
growth. The effect of visible radiation is, on the other hand, 
a contraction and retardation of growth. Should radiant 
lieat act like light, the various tropic effects in the two cases 
would be similar ; the temperature effect would in that case 
he opposite to the radiation effect. In order to find whether 
the thermal radiation produces tropic curvature similar to 
that of light, we have to devise a crucial experiment in 
which the complicating factor of rise of temperature on the 
responding organ is eliminated. 

Experiment ISO , — I have described the effect of light 
applied unilaterally to the stem of Mimosa, at a point dia- 
iiietrically opposite to the indicating leaf {Ex^jt. 104). It was 
t^hown that the effect of indirect stimulus induced at first 
an erectile movement of the leaf, and that this was followed 
by a fall of the leaf on account of transverse transmission 

I I excitation. In the present experiment I applied thermal 
: idiation instead of light. The source of radiation was a 

oiral of platinum wire heated short of incandescence by 


♦ Jo8t— p, 480. 
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irieaiis of electric current. The intensity of incident radia- 
tion could thus be maintained constant, or increased or 
detTeas*<| by approach or recession of the radiating spiral. 
'rh(^ elVf^ct of unilateral stimulus of heat-rays was found 
exactly similar to that of light ; i.e., there was at first 

iin (‘ie(;iile movement <lue to indirect stimulation, followed 
by the fall of the leaf due to transmitted excitation. It 
will be noticed that under the particular condition of the 
experiment, the resi)onding pulvinus was completely shielded 
from t(*mperat lire- variation. The reaction to thermal 
radiation is thus similar to that of light. 

As ri'ganls the elVects of rise of temperature and radia- 
tion 1 hav(^ sho>vn that they are antagonistic to each other 
(pp, 21 1, dOX). Thus in positive types of thermonastic organs 
lik** tin* flower of ZephijranikeH^ while rise of temperature 
induces ;i movement of opening, radiation causes the oppo- 
site movement (d’ closure. Again, in the negative type 
exemplilied by Nj/niph(ea, rise of temperature induces a 
movemmit of closure ; radiation on the other hand, brings 
about the opposite movement of opening. The tropic effect 
of tlu*rmal radiation thus takes place in opposition to that 
of risi‘ of temperature, and the resultant effect is therefore 
liable to undergo some modification, depending on the 
relative sensibility of the organ to radiation and t»' 
variation of temperature. 

The facts that have been given above prove that infra- 
red radiation is as effective a mode of stimulation as th* 
more refrangible rays of the spectrum. Phototropic an f 
radio-thermotropic reactions would therefore prove to 1 
essentially similar. The following experiments fully co’ * 
firm the similarity of the two reactions, 

POSITIVE RADIO-THERMOTROPISM. 

blvperimeni 167, — I shall now describe the normal rea ^ 
lion d' a growing organ to the unilateral stimulus 
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ihormal radiation. Fif'iire 151 gives a record of response 
■ d' the stem of Dregea to stiinulns of short duration ; the 



Fk;. iril.— Positive' rcdponse to short exposure to tliernuil r:uliiitioti. Sue. 
ces-^ive dots at intervals of fi seconds. {l)re</ea vitltihiHs.) 

inti need curvature Is positive or towards the source of 
lit‘at. Oil the cessation of stimulus, there is a recovery 
which is practically complete, and which takes place at a 
slower rate than the excitatory po.sitive curvature. Repeti- 
tion of stimulus gives rise to responses similar to the 
lirst. Successive stimuli of moderate intensity thus give 
rise to repeated resjmnses of growth curvature. An arbi- 
trary distinction has been made between the responses of 
pulviuatod and of growing organs. The former is disting- 
uished as a movement of variation, with its supposed 
eluiracteristic of repeated response. But the experiment 
described allows that this is also met with in the response 
i)y growth curvature. It is only under long continued 
uimulatioii that the curvature is fixed by growth. 

DIA-RADIO-THERMOTIIOPISM. 

The positive curvature is induced by retardation of 
i^U’owth at the proximal side, and enhancement of growth 
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lit th<^ distal side. This latter effect is, as we have seen, 
ljrouj<lit about by the effect of indirect stimulation. 

Ihit uiid(‘r Ion" continued action of stimulus, the nega- 
tive or excitatory impulse reaches the distal side, inducing 
diminution of turgor and retardation of the rate of growth. 
This l^ads to neutralisation, the organ placing itself at 
right angles lo the orienting stimuius, 

Kxperinipyit h')H . — This neutralisation is seen in the 



Kh 5. Urcord of positive, neutral and reversed negative curvature unde’ 

eoniiniiod action of thermal radiation. The negative response went olf the plat^ 
Suoo*s-iv<* dots at intervals of 5 seconds. i^Dngea volnbilU). 


record given in tigure 152, where under continuous uui* 
lateral stimulation, the growing organ exhibited its maxi* 
mum positive curvature, after which the movement became 
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;irr sted by the arrival of the excitatory impulse at the 
listal side, on account of which the first positive curvature 
i)ecame neutralised. Further continuation of stimulus caused 
:i reversal into negative in the course of 7 minutes. It will 
thus be seen that in inducing phototropic curvature, the 
heat rays in sunlight play as important a part as the 
more refrangible rays of the spectrum. 

SUMMARY. 

The effects of rise of temperature and of radiation are 
antagonistic to each other. 

Under unilateral action of thermal radiation a positive 
curvature is induced by the retardation of growth at the 
proximal, and acceleration of growth at the <listal side of 
the organ. 

There is a complete recovery on the cessation of 
stiiiiulus of moderate intensity and short duration. Repeated 
response's may thus be obtained similar to repeated 
rt*sponses in pulvinated organs. In certain tissues the 
])()wer of conduction in a transverse direction is wanting ; 
excitation remains localised at the proximal side, and the 
ia*sponsive curvature remains positive. 

In other case-^, there is a slow conduction of excitation 
to the distal side. The result of this under difl'erent 
circumstances is dia-radio-thermotropic neutralization, or a 
reversed negative curvature. 

In inducing phototropic curvature, the heat rays in 
Minlight play as important a part as the more refrangible 
ays of the spectrum. 



XXKVIII.- HKSI^ONSK OF PLANTS TO WIRELFSS 
STIMULATION 

BiJ 

SIK J. I’OSK, 

Assisted fnj 
(il KUPKASANNA DAS. 

A (;ii()WlN(; plant htnniH towards and this is, trin* 

not only of tin* main sttnn but also of its branches and 
attafluMl loaves and leatlets. Li^lit affects growth, the effect 
l)eing modified i)y tin*, intetisity of radiation. Strong stimu- 
lus (d‘ light causes a diminution of the rate of growth, 
but very feebh* stimulus induces an acceleration. Tin* 
tropic effect is very strong in the ultra-violet region of the 
sp»*c(runi with its (‘xtreundy short wave length, but the 
elf(‘(;t decliin*s practically to zero as we move towards the 
less refrangible rays— the yellow and the red with their 

coin[)aratiYely long wave length. As we procec'd beyond 

the infra- re(l region, we come across the vast rangi* of 

electric radiation, the wave lengths of which vary from 
fl't) cm., the shortest wave I have been able to produce, 
t«» others which may be miles in length. There thus arisi - 
ihe very interesting (piestioii, whether plants perceive and 
respond to the long ether waves inchiding those employt* 1 
in signalling through spac(‘. 

At first sight this would appear to be very unlikeh : 
tor the most olh'ciive rays are in the ultra-violet regi<^ 

with wavt* length as short as 20 x If)'® cm. ; but wi? 
electric waves iisetl in wireless signalling we have to de 
with waves ,>t) million times as long. The perceptive pow 
of our rotiua is confined within the very narrow range 
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:i single octave, the wave lengths of which lie between 
JO X cm. and ;]!) x 10 ® cm. It is diflicnlt to 

imagine that plants could perceive radiations so widely 
separated from each other as the visible light and Uio in- 
visible electric radiation. 

But the subject assumes a di lie rent aspect, when we 
take into consideration the total effect of radiation on the 
plant. Light induces two different effects which may 
broadly be distinguished as external and internal. The 
former gives rise to movement ; the latter finds no outward 
manifestation, but consists of an ‘up’ or assimilatory chemi- 
cal change, with concomitant increase of potential energy. 
Of the two reactions then, one is dynamic attended by dis- 
similatory ‘down’ change; the other is potential, associated 
with the opposite ‘ up ’ change. In reality the two effects 
take place simultaneously ; but one of these beconn‘S pre- 
dominant under definite conditions. 

Tiie modifying condition is the fj\mlity of light ; with 
reference to this I quote the following from Pfeifer : “ So 

far as is at present known, the action of different rays of 
the spectrum gives similar curves in regard to heliotropic 
and phototactic movements, to protoplasmic streaming and 
movements of the chloroplastids as well as the photonastic 
movements produced by growth or by changes of turgor. 
t)n the other hand, it is the less refrangible rays which are 
most active in photo-synthesis.”* The dynamic and poten- 
tial manifestations art^ thus seen to be comphmientary to 
‘‘ach other, the rays which induce photo-synthesis being re- 
iatively ineffective for tropic reaction and vice versa. 

Returning to the action of electric waves, since they 
‘xert no photo-synthetic action they might conceivably 
induce the complementary tropic effect. Tliese considera- 
tions led me to the investigation of the subject fourteen 


* Pfeffer— Vol. II, p. 104. 
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years ago, and my results showed that very short electric 
waves induce* a retardation of rate of growth ; they also 
produce respoasiv(^ movements of the leaf of Mimosa, when 
the plant was in a highly sensitive condition.* The energy 
of the short electric waves is very feeble, and undergoes 
great diminution at a distance ; hence the necessity of em- 
ployment of a spi‘cimen of plant in a highly sensitive con- 
dition. 


I r(‘siimed my investigations on the subject at the begin- 
ing of this year. I wished to find out whether plants in 
general perciMvi-d and responded to the long ether waves 
which reaeli.Ml it from a distance. The perception of the 
windfss stimulation was to be tested not merely by the 
responsive movement of sensitive plants, but by diverse 
modes of responst* givcm by all kinds of plants. 


Stimulus induces, as we have seen, three ditferent types 
of ivsponse in plai\ts. It causes excitation in sensitive 
plants like Mitnona, in consequence of which the leaf 
undergoes a fall ; this is the mechanical response to 
stimulus. Stimulus also induCv's electric response in plants, 
hotli s*nsiti\(‘ ami ordinary, the excited tissue undergoing 
an .deetric change of galvauoin dric negativity. Finally, the 
elleet of s:imuliis on growing plants is a variation, in the 
rate of growtli, an acceleration under feeble, and a retarda- 
umler strong stimulus. I undertook to investigate th^* 
oflect o| niectric wave^ on plants by the methods of 
mechanical and eh‘ctrical responses, and also by that of 

induc(^d N ariation of growth. 


THK WIRELESS SYSTEM. 

For son,lia« wlreloss signals, I had to improvise th 
llowin^ ‘i I ingement, more powerful means not bein 


- riant Hi>sponse” -p. 018 (1905). 
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available. The secondary terminals of a moderate sized 
.{nhmkorft’s coil were connected with two cylinders of 
nrass, each 20 cm. in length ; the sparking took place 
.etween two small spheres of steel attached to the cylin- 
ders. One of the two cylinders was earthed, and the other 
ronnected with the aerial 10 meters in lieight. The 
receiving aerial was also 10 meters in height and its 



fiC 

< 



Fit;. loS. — Diagrammatic repre.seulation of mctho<i eriipio^cd fur obtaining 
it'sponse to wireless stimulation. Transmitting api)aratus seen to the right, 
deceiving aerial connected to upper part of plant, the lower part of the 
♦lant or the Mower-pot being connected witii the earth. 


lower terminal led to the laboratory, and connected by 
means of a thin wire to the experimental plant grow- 
ing in a pot ; this latter was put in electric connection 
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with i\ui <‘arth lo.i). The distance between the trans 

iiiittin^ and ivc(dviiiK aerial was about 200 meters, tin* 
Hiaxiiiium lonj'th permitted by the ^,n*ounda of the Instituti*. 


ME(niANTCAL RESPONSE OF Munom. 

H.r.fwrinifjHt l-VJ , — One of the leaves of MiiuoHa was 
(•(mn(*et,ed with the aerial by means of a ihin tinsel of 
l()(»se win*, which did not interfere with the free niovc- 
ne'iit of iho h'af. This latter was attached to the recordini' 
lever. Wireless si^mals induced a responsive fall of tlie 
leaf (Fit,', lot) which was gradual as under action of 
li^'ht, and not so abrn])t as under a mechanical blow. 



i«'»l Fie. lao. 

respon^ic of leaf of .Mimtmi to electric wave. 
Ik;. — Klcctric ro'^pouse of Mimofa pndiai to wireless giimulatioti. 


THE EliECTRlC RESPONSE. 

hj' per uncut UH ), — The leaf of Muhohu was in thi 
e.xperimont held securely, and two electrical connection 
made, <me with the less excitable upper and the other 
with (he more excitable lower half of the pulvinus. The 
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incident ether-wave induced an electric response in the 
piilvinus, the more excitable lower half exhibiting galva- 
Dometric negativity. On the cessation of stimulus there 
was a recovery (Fig. 155). 

It is not at all necessary to employ the sensitive 
Mimosa for exhibition of eh*ctric response ; for this is 
tniiversally exhibited by all plants. The only condition 
tor electric response is that the points of electric contacts 
should be made with two unequally excitable areas in 
the plant. This may be secured by artificial means as 
by causing ‘ injury ’ to one point of contact.* It is 
however much better to take advantage of the natural 
difference of excitability of two diff(‘rent areas in the 
organ as in the pulvinus of Mimosa, This difference 
of excitability is also found between the inner and outer 
sides of a hollow tubular organ as in the peduncles of 
various lilies, I was thus able to secure specimens 
which were far more sensitive to the action of electric 
waves than the pulvinus of Miotosa. 

EFFECT OF WIRELESS STIMULATION ON OUOWTH. 

Tht*re now remains the very interesting question as to 
whether the effect of long ether waves induce any variation 
of growth. The results given below show that growing 
plants not only perceive but respond to the stimulus of 
(dectric waves. The effects to be presently described arc; 
♦ xhibited by all plants. 

I shall, however, content myself in describing a typical 
' xperiment carried with the seedling of wheat. The speci- 
men was mounted on the Balanced (h’escograpli, and the 
irrowth exactly balanced. This gives a horizontal record ; 
lU acceleration of growth above the normal is. in the 


* “ Comparative Eleclro-PhvBiology p. 1 TJ. 
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fol lowing recoils, represented by a down curve, and a 
retardation by an iip-curve. 

of feeble atunnlus : Experiment 161, — I first studied 
thti en’ect of feeble stimulus. This was secured by decreas- 
ing the energy of sparks of the radiator. The response 
was an ac^celeration ot rate of growth as seen in figure 
ir)t)a. The. analogy of this with the accelerating effect of 
Hub-rninimal intensity of light (p. 224) is very remarkable. 

Effert of strong stimulus: Experiment 162. — The maxi- 
iniiin energy. ’ radiatcnl by my transmitter, as stated before, 
was only moderate. In spite of this its effect on plants was 
exhibited in a v(‘ry striking manner. The balance wa.*? 



VhJ. l,)b. Ueconl ot re-^ponstM to electiir wavi* by the Balanced Crescograjil 
(^/) rrMpoiif'C to fcoblc s'imuliiH by acceleration of growth, {b) response to strn 
stiimi.iis by rctaniation, (c) responses to inediiini Htiniulation —retardation folio'' 
in rcco\erv. Hown-curve represents accL’leration, and up-ciirve retardation of grow 
(Seedling of wheat. 1 

iinniediately upset, indicating a retardation of the rate 
growth. The latent period, e.e., the interval betvi^een tl 
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;nci(ient wave and the response, was only a few seconds 
Fig. lodb). The record given in the figure was obtained 
with the moderate magnification of 2,000 times only. But 
with my Magnetic Crescograph, the magiiificatioii can 
. asily be raised ten million times ; and the responsi*. of 
plant to the space signalling can be exalted in the same 
proportion. 

Under an intensity of stimulus slightly above the 
Hub^minimal, the responses exhibit retardation of growth 
followed by quick recovery, as seen in the series of records 
i,dven in Fig. lobe. 

A remarkable peculiarity in the response was noticed 
during the course of the experiments. Strong stimulation 
by ether waves gives rise, as we have seen, to a very 
marked retardation of the rate of growth. Repeated 
stimulation induces fatigue, and temporary insensitiveness 
of the organ. Under moderate fatigue the ellVct is a 
prolongation of the latent period. Thus in a particular 
experiment the plant failed to give any response to a 
short signal. But after an interval of five minutes a 
marked response occurred to the wireless stimulus that 
had been received previously. The plant had perceived the 
stimulus but on account of fatigue the latent period was 
prolonged, from the normal 5 seconds to as many minutes. 


SUMMARY. 

Plants not only perceive, but also respond to long ether 
waves employed in signalling through space. 

Mechanical response lo wireless stimulation is exhibited 
by the leaf of Mimosa piidica. 
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All [)liiiits yiv(j nh'Ctric response to the stimuius of Iohl' 
etln*r \vnv<‘s. 

(irowiiiL' phiins “xliihil response to eleetric waves l)\ 
mo<lification of rale of «.'rowtli. Keehle sliinulus induces 
an ac(!i*hM-ation, whilo strong stimulus causes a retardation 
of I he rate of growth. 

Tin* percei^tive range of the plant is far greater 
I hail ours ; it not only perciuves l)Ut responds to tin" 
dill'er<*nt I’ays of iln* \ast <*thereal spectrum. 



XXXIX.— ({KOTKOinSM 


SiH .1. Bosk. 

No phenomenon of tr(4)ic inovemi'iit appears so inox- 
))licabl(‘ as that of geotropisni. Tht‘rt‘ are two diametrioally 
opposite effects indnctHl hy the sune stinuihis of gravity, 
ill the root a movement downwards, and in the slioot a 
liiovement upwards. The seeming impossibility of ex{)lain- 
ing ed’ects so divergent, by tin* fuinlamental reaction of 
stimulus, has led to the assumption that the irritability of 
stem and root are of opposite character. I shall, however, 
he able to show that this assumption is unnecessary. 

The difficulty of relating geotropic curvature to a detinite 
reaction to stimulus is aecentuated by the fact that the 
<lin‘Ctioii of the incident stimulus, and the side which 
responds eft’ectively to it are not clearly und(‘rstood ; nor 
is it known, whether the reaetion to this stimuhis is a 
contraction, or its very opitosite, an expansi<)U. 

Taking the simple ease of a horizontally laid shoot, 
the geotropic up-ciirvaiuiM^ is evidently dm; to difl'erenlial 
cli’ect of the stimulus on upper and lower sides of the 
organ. The up-curvature may he explained hy one or the 
other of two suppositions : (L) that the stimulus of gravity 
induces contraction of the upper side ; or (2) that the 
bindamental reaction is not a contraction hut an expansion 
luid this of the lower side. The second of these two 
ssumptions has found a more general acceptance. 

Tropic curvatures in general are brought about by the 
'ifterential ettect of stimulus on two sides of the organ 
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Thus liirlit falling' on one side of a shoot induces local 

contiaetiOii, tlie rays being cut off from acting on tin- 
further sid.* by the opacity of the intervening tissue. Hut 
th<;n* is no opaqm^ screen to cut oil' the vertical liiifs of 
gravity,* which (?nter tin*, upper side of a horizontally laid 
shoot ainl h-avt^ it by the lower side. Though lines of 
force of gravity are transniittcMl without hindrance, yet a differ- 
(iidial action is found to take place, for the upper side, 
where the lines of forci^ enter, becomes concave, while the 
iow<u’ side win- re they eni'erge becomes convex. Why 

shouhl th(U’(* l)e this dilHu’ence ? 

For tin- removal of various obscurities connecttMl with 
geotropism it is tlier<d‘orti necessary to elucidate the follow- 
ing : 

1, 'Phe sign of exciiation is, as we fouinl, a contrao 
lion and c.oncomitant galvanonndric negativity. Does gravi- 
tational siiinuhis, like stiinidus in general, induce this 

excitatory reatuiiui ? 

What is the elfective direction of geotropic sti- 
jiiulus ? In the ease of light, we are able to trace the 
j’ays of light which is incident on the proximal side and 
measure tlie augh‘ of inclination. In the case gravity, 
the invisil)le lines of force enter by one side of the 
organ ami leave, hy the other side. Assuming that tin- 

direction of stimulus is coincident with the vertical lim--; 
ol gravity, is it the. upper or the lower side of the organ 
that undergoes etVecuve stimulation ? 

,). What is the law relating to the ‘ directive angh 
and tin- resulting geotropic curvature ? By the direct’ 
angle (sometimes referred to as the angle of iiiclinati'' j 

I s>i:iU m wIm: tollowv takt; lIk ilirecthn of verLical lines of grH\i>;' 
tli.iL ot in )vt‘nn nl. oi falling bodies, from above towards the ceiure ut 
eiitli 



OEOTROPISM 


427 


- meant, as previously explained, tlie angle which direc- 
-Inii of sfciniiiliis makes with the responding surface. 

4. We have finally to investigate, whether the assump- 
lion of opposite irritabilities of the root and the slioot is 
;it all justifial)le. If not, we have to find the true explan- 
ation of the opposite curvatures exhibited by the two types 
nf organs. 

Of these the first three are inter-related. They will, 
however, be investigated separately ; and each by more than 
one method of inquiry. The results will b(» found to be 
ill complete liarmony with each other. 

I propose in this and in the following chapters to 
carry out the investigations sketched al)ov(‘, employing two 
independent mculiods of enquiry, namely, of mechanical 
and of electrical response. [ shall first describe the auto- 
matic method I have been able to devise, for an accurate 
and magnified record of geotropic movement and its tiiru! 
relations. 


THE OEOTROPIO RECORDER. 

The recorder shown in figure 157 is very convenient 
for study of geotropic movement. The apparatus is four- 
sided and it is thus possible to obtain four sirnultan(H)us 
ripcords with ditf(*rent specimens under identical conditions, 
riie recording levers are free from contact with the record- 
ing surface. By an appropriate clock-work mechanism, 
'he levers are pressed for a fraction of a second against 

die recording surfaces. The successive dots in the 

lecord may, according to dilfc^reiit requirements, hi^ 

d intervals varying from 5 to 20 seconds. The 

ecords therefore not only give the characteristic curves of 
,eotropic movements of different plants, but also their time 
ations. For high magnification, I employ an Oscillating 
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M>st of excitatory reaction under fjjeolropic stimulus is 
'iirnislied by investigations on geo-electric response. When 
.( shoot is displaced I'roin vertical to horizontal i)Osition, 
I hr upper side of the orfjnu is found to undergo an c,veita. 
inrg electric change of galvanomet ric neg*itivitg indicative 
of diminution of* turgor ami v<nif ruction . The (dectric 
iliange induced on the lower side is one of galvanonnuric 
positivity, which indicates an increase of turgor and expan- 
sion. The tropic (dfect of geotro})ic stimulus is thus 
similar to that of any other mode of stimulation, /.c., a 
contraction of the upper (which in the present case is the 
proximal) and expansion of the lower or the distal side, 
'fhe vertical linc'^ of gravity impinge on the upper sidt' of 
(lie organ wliich undergoes effective stimulation. 

In order to show that the concavity of the uppi*r side* 
js not due to the passive^ yielding to tl\e exj)ansion of 
(lie lower half, I restrained tin* organ from any movement. 
I have explained that excitatory electric response is nuini- 
fested even in the absence of mechanical expri^ssiou of 
(‘xcitation ; and uudt‘r geotropic stimulus, the securely held 
shoot gav(^ the response of galvaiioinetric negativity of 
the upper side. llenc(‘ the fundamental reaction under 
^(‘otropic stimulus is excitatory mnf ruction as under oth(*r 
inodes of stimulation. 

Finally, I eni])loyed the a<lditional test of induced para- 
lysis by application of intense cold. Fxcitiitory [)hysiolo- 
Lfical reaction is, as w(* know, abolished tmnporarily by the. 
action of excM^ssive c(dd. 

Kjperirnent IGS . — I obtaine<l records of mechanical res- 
I'Onse to dettumiine the side which undergoes excitation 
•mder geotropic stimulus, the method of discrimination btdng 
''•ca! paralysis induced by cold. I took the flower-scapes 
'f AmarayUis and of UricUs, and holding them vertical 
■ ppl'^d fragments of ice on one of the two sides. I then 
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laid th(s scaix- horizontal, first with cooled side below, th.^ 
record showed that this did not affect the geotropic move- 
ment. Hut on cooling the upper side, the geotropic move 



Kiij. 15s.- -Fitr<'(*t Ilf iflternatc api»lic5iti<)n of cold on the uj>per and lovver sides of 
ihf orf'jvn. Application of cold on upper side (down-pointirij^ arrow) induces arrest o! 
j.!:oot**opi(* inovciiK'nl, Application below (ujf-pointing arrow) causes no arrest. 

avr(\sto(l, and it was not till the plant had 
assumed tim temperature of the surrouiulinj^s that the 
^ootropie movement became renewed. Figure loH shows 
the ollf'ct of altf*rnate application of cold, on tke upper 
and lower sides of the organ.* In the shoot, therefore, ii 
is the ui)pt‘r sidt* of the organ that bocoim^s efrectivel> 
stimulated. Hefore proceeding further I shall make brief 
refeienee to the highly suggestive statolithic theory 
gravi-porception. 


THKOIIY OF STATOLITHS. 

With regard to the perception of geotropic stimuhi 
there can be no doubt that this must be due to th 


* “ Plant Response ” — p. 505. 
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i jfoct of weight of cell contents, whether of the sap 

itself, or of the heavy particles contained in the cells, 
rxerting pressure on the sensitive plasma. The theory 

(if statoliths advocated by Noll, Haberlandt and Neinec 
Mn spite of certain dilTiculties which further work may 
remove) is the only rational explanation hitherto ofl’ered 
for gravi-perception. The sensitive plasma is the ecto- 
plasm of the entire cell, and statoliths are relatively 
heavy bodies, such as crystals and starch grains. 
Haberlandt has found statoliths in the aj)0-geotropic 

organs like stems.* When the cell is laid horizontal, 

it is the lower tangential wall which has to suj)port 

the greater weight, anti thus undtu’go excitation. In 

the case of multicellular plants laid horizonially, th(‘ 
1‘xcitation on the u})per side is, as we have seen, the' 
more elfective than on the lower si<le. This inequality, 
ll has been suggested, is probably due to this difference 
that the statoliths on the upper si<le pr(‘S 8 on the inner 
tangential walls of the cells while tliose on the lower 
side rest on the outer tangential walls. 

When the organ is held erect, the action {)f statoliths 
would he symmetrical on the two sides. But when it is 
laid horizontal a complete rearrangement of the statoliths 
will take place, and the differential (‘Ifects on the upper 

and lower sides will thus inducts geotropic reaction. This 

lio/riod of ynUjration must necessarily he very short ; but 
the reaction time, or the latent period, is found to be of 
'considerable duration. “Even in rapidly reacting organs 
there is always an interval of about one to oru^ and a 
half hours, before the horizontally placed organ shows a 
noticeable curvature, and this latent period may in other 
uses be extended to several hours.”t This great differ- 
nce between the period of migration and the latent 

* Haberlandt — “Physiological Plant Anatomy" — p. (lO.'b 

f Jost— /6id, p. 437. 
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f/rriod i)IV»‘i*ri a serious <liniciilty in the accepUiice of tli,. 
tlp'ory of statoliths. But it may he urged that th.* 
lattod p<u'iod has liith«*rto h ‘on obtained by relatively 
crudi* Iiiftlinds, and 1 therefore undertook a fresh 
(let *r inina t i oil of its valiu* by a stuisitive and accurate 
means of recoial. 


DKTKItMl \ A'l'ION OK THE LATENT PERIOD. 

As regitals the i nt(‘r|)retation of the record of geotropic 
movement, it should I)* borne in mind that after the 

p •reeption of stimnlus a certain time must elapse ladOrc 
the indue mI growth-variation will result in curvat.irt*. 
'Phere is again anotlon* factor which causes delay in the 
i‘\'hibition of true geotropic movement ; for the up-move- 
meni of stems, in responsi‘ to the stimulus of gravity, lia^ 
to oviMCome the opposite down movement, cainsed )»> 
Weight, befor(‘ it becomes at all perceptible. On accoiini 
of the bimding dm* to weight then' is a greater tensiim 

on the upper side, which as we have seen (p. liPi), 

enhances the rat(‘ td’ growth, ami thus tends to make 

that sidt‘ imiivex. Tin* exhibition of geotropic response 
l)y induced contraction of the excited upper side thus 
becomes greatly delayed. In these circumstances I tried 
to discover specimens in which the geotropic action would 
be (juick, and in which the retarding effect of weigh' 
could l)t> consi derahl y rinluced. 

(ieofrojiii'. i'psifonae of Jlowt^r sta/k of 7\iheroi<r : Ejpf^ri 
oh'nf UU . — For this 1 took a short length of flowe 
stalk of tuberose in a state of active growth ; the flowe: 
head itself was cut off in order to remove unnecessav;. 
weight. After a suitable periotl of rest for recovery fron 
the shock ot operation, the specimen was placed in 
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■p.irizontal position, and its record taken. The siicces- 
.!ve dots in the curve are at intervals of 20 seconds, and 



I'K;. l.V.i. I’Hi. l(>o. 

Kid, l.V.i. — (leotroi'ic l•('^JKmvo of tiow«‘r stalk of tulx* lo."'* : |•n•lir^lUl!^l*y (It)wii- 
iiioveinent it* du** to weight 

Ft(t. 1(50, - (Jeot ropic rc«|M>nse of peiioh* of 7Vo/x#'/>/x»w : lalt'iit period shorter 
’ liMM ‘20 seconds. 


(lie ^eotropic iijt-uiovemeiit is seen tn be initiated 

151)) after the tentli dot, tht^ latent |)eriod l)ein^ 
ihiis i) niinnti‘s and :i0 seconds, llie ‘greater part of wliich 
NNas spent in overcoming the tlown-movement caused hy 
the weight of (he organ. 

iypMropic response of petiole of 'JVopa'olum : Kxperi- 
ft >‘ot ldt5 , — r expected to obtain still shorttM’ latent 
h riod by clioosing thinner specimens with less weight. I 
h erefore took a cut specimen of the petiole of Tropwo- 
f and held it at one end. The lamina was also cut 

f- I in order to reduce the considerable leverage exerted 
t V it. The response did not now exhibit any preliminary 
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(l()\vn-iri()vcm**nt, and the ^^eotropic up-moveineiit was con.^ 
iruMicod within a few seconds aft(»r placing the petiole ii. 
a horizontal position (Fig. 160). The successive dots ii 
ttie record are at intcirvals of 20 seconds and the secoiei 
dot already exliibited an iip-movemciit ; the latent perio ( 
is therefon* short(‘r than 20 seconds. It will thus be soeii 
thiit the latent ptu’iod in this case is of the same order as 
the hypothetical ]>erio(l of migration of the statoliths. 

I may stat(‘ Inn-e that I have b(‘en successful in 
ilevising an eh'ctric method for the determination of tin- 
latiMit period, in which the disturbing (dfect of the weight 
of llie organ is completely eliminated. Applying this 
perfect midliod, 1 found that the latent period was in 
sonu' cast's as short as a second. The experiment will 
he found I’ully <lescril)ed in a later chapter. 


THE COMPLETE GEOTROPIO CURVE. 

The chavact eristics of the geotro})ic curve are similar 
to those of other tropic curves. That is to say tlu' 
susceptibility for excitation is at first feeble ; it then 
incn*ases at a I’apid rate ; in the thir<l stage tlie ran 

Ix'coines uniform ; and finally the curvature 'attains m 

nncxiinuin value and tln^ organ attains a state of geotm- 
pic eiiuilihriuin (cf. page IW,]). The period of compl' 
lion \>f the curve varies in ditVerent specimens from ■> 
few to many hours. 

hj'prruuoit KKj . — Tlie following record was obtain i 
with a hud of the successive dots being ■ 

intervals of 10 minutes. After overcoming the effect l 

weight (which took an hour), the curve rose at tir ^ 
slowly, then rapidly. The period of uniformity of iiio\ - 
ment is seen to be attained after three hours a • 
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(Hitiriued for nearly DO minutes The linul equilibrium 
uas reached after a period of 8 hours (Fig. 101). 
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Fk; The Cunipleic Geotropic curve (C’riuJon) 


For •studying tlie effect of an external agent on geotro- 
pic action, the period of unifoim movement is the most 
suitable. Acceleration of the normal rate (with enhanced 
steepness of curve) indicates that the external agent acts 
with geolro])isin in a concordant manner ; depression of 
the rate with resulting flattening of the curve shows, on 
the other hand, the antagonistic effect of the outside 
I gent. 


DETERMINATION OP EFFECTIVE DIRECTION OF STIMULUS. 

The experiments which have been described show that 
it is the upper side (on which the vertical lines of 
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that iiinlerj^oes excitation. The vertic.,! 
Iin<*rt ot gravity luurit therefore ho the direction of iiicidt^i, 
stimulus. This conclusion is supported by ri'sults of thr*‘ 
ind(*pendent lin(‘S of inquiry: (I) tlie algebraical siiiniiiM 
tion of effect with that of a different stimulus whos.- 
<lir<H;tion' is known, (2) tln^ relation betw(‘en the directive- 
Hiighi and g(‘otro])ic r(‘action, and (.‘^) the torsioiial responsr 
under geotropic stimulus. 


EFFECT OF AL<iKBUAI(JAL SUMMATION. 

Krperiment 167 , — A Hower bud of (^rinunt is laid 
horizontally, and record taken of its geotropic move- 
ment. On a[)plication of light on the upper side at b, 



Via. h\:\. 

L’K.. St imiilii-? ot Mg^lu or *^r;ivity, represeiifcud l)y arrow, induces up cii 

valine :i'< seen in dotted tii^nire. 

t in. lu.i. 1 hu oltoei of Miper-iniposition of photic stimuiup. The first, third. a'> 
litth parts of tin- eiu-Vf, j^ive normal record under jreotropie ''^tilnulu.s. Kate. ■> 

iip-iuoveinent eiihaneed under light L. 

the responsive nioveineni is enhanced, proving tli 
gravity and light are inducing similar effects. On ti. 
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, , .^r^ution ut‘ the original rate of geotropic movement 

i> restored (Fig. 16i^). Application ot' light ol* increasing 
iiiiensity from below induces, on the other hand, a diminn- 
lioii, neutralisation, or reversal of geotropic movement. 

Light acting vertically from above induces a concavity 
ot the excited upper side in conse(|uence of wdiich the 
organ moves, as it wnu-e, to meet tlie stimulus. The geo- 
tropic response is precisely similar. In figure' 162 the 
arrow represents the direction of stimulus wdiich may be 
uiys of light or vertical lines of gravity. « 

aNzVLO(;y rktwekn the epekcts of stimulfs of 

LTOHT AM) OF (iRAVlTY. 

In geotropic curvature* we may for all practical purposes 
regard the direction of stimulus as coimndiug with the 
\crtical lines (d* gravity-. Tin* analogy between the (‘IL'cts of 
light and of gravity is very close* ; in botli tlui induced 
lurvature is such that the organ moves so as to meet the 
‘Stimulus. This will be ina<le still more evident in the 
investigations on torsional g(*otropic responst^ «l(*scribed in a 
snbs('(iuent chapter. Tin* tropic curvi* und<;r g(*otropic 
stimulus ..is similar to that under photic stimulus. The 
tropic reaction, both uinUu* the stimulus of light and of 
gravity, increases similarly with the "dirt'Ctive* angle. 

These real analogies are unfortunately obscured by the use 
'<1 arbitrary terminology us(‘d in description of the g*‘otropic 
<*iirvature of the shoot. In figure \{u] records are 
.:'ven of the effects of vertical light and of vertical 
Miinulus of gravity, on the responses of the horizontally 
btid bud of CritKf/n. In both, the upper sidt* undergoes 
ntraction and the movement of response cjirries the 

' Exception to this will be fonnU in j.age wheie expluiiatior. is otfererl for the 
r^;rence. 
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ori'jul ii})\var(ls sso as to place it parallel to the iuciden 
stiiiiiihis. Thouj^Mi the reactions are similar in the t\s<« 
cas<*H, y(it the (^llect of light is termed positive phototin. 
pisin, that of gravity iiet/utive geotropism. I would draw 
llii^ attention of plant-physiologists to the anomalon.- 
(diaracler of (he (‘xisting nomenclature. Geotropism of the 
shoot should, for reasons given above, be termed positir< 
instead of nvtjdlive^ and it is uiifortiinat(; that long usag.- 
has given ciirnmcy to terms which are niisUuiding, and 
which (!(;rtainly has the elld‘ct of obscuring analogous 
ph'oiomeiia. Until the existing t(‘rniinology is revised, it 
would i»erhaps be advisable to <listiugiiish the geotropism 
ol th(‘ shoot as Z“nitlu>trif[nsnL ami of the root as Nadiro- 
tmins/v. 


KELATION ItETWKKN THE DIRECTIVE ANCLE AND 
( J E( )T HOP I C R E A CT 1 0 N . 

When the main axis <d‘ the shoot is held vertical, the 
angle*, made* by the surlact* of the organ with liii(‘S ol' 
lorce of gravity is zero, :in<l there is no geotropic etlVcr. 
lie geotropic reaction inert'ases with the directive angle; 
theor(‘tically the gt'otropic elfect should vary as the sine 
ot the angle. I shall in the next chapter describe the 
very accurate electrical method, which I have been able to 
de\ise for determination of relative intensities of geotrojuc 
<ution at various angles. Umler perfect conditions of 
sjniinotry, the intensity of etfect is found to vary as t!"‘ 
sine of the directive angle. This quantitative relation fully 
demonstrates that geotropic stimulus acts in a defini ‘ 
direction which coincides with the vertical lines * f 
gravity. 


Ihc conditions of perfect symmetry for study of g* 
^romc action at various angles will be fully described 
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(ho next chaptei:. In the ordinary method of experiment- 
iition with mechanical response the organ is rotated in a 
v ertical plane. The geotropic movement is found increased 
;i> the directive angle is increased from zero to 90 


diffp:rential geotropic excitability. 

It has been shown that geotropic stimulus acts more 
•dVectively on the upper side of the organ. The intensity of 
geotropic reaction is, moreover, modilied l)y the excitability 
of the responding tissue*. It is easy to demonstrate this 
by application of depressing agents on the more etfectivt* 
side of the organ. The rate of geotro})ic up-movement will 
bo found reduc»Ml, or t*ven abolished by the local applic.a- 
tiou of cold, anaisthetics like chloroform, and of poison- 
ous potassium cyanide solution. 

The ditferent sides of a dorsi ventral organ are 
unequally (excitable to ditferent forms of stimuli. I 
have already shown (p. 85) that tlu^ lower side of the 

pulvinus of is about <St) times more excitable to 

olectric stimulus than tln^ upiuo’ side. Since the effect of 
g»*otropic stimulus is similar to that of othm* forms of 
stimuli, t*he lower side of the pulvinus should prove to be 
gootropically more excitable than tln^ upper side. This 
I have been abh^ to demonstrate by ditlinuud methods of 
investigation which will be described in tin? following 
riiapters. 

Under ordinary circumstances, ihe uppt^r half of the 

I'ulviniis is, on account of its favourable position, more 
* ^‘Ctively stimulated by giH)tropic stimulus; in consecpience 
' : this the leaf assume a more or less horizontal position 
' “ dia-geotropic ” equilibrium. Hut wheji the plant is 

i vertetl the more excitable lower half of the organ now 
' cupies the favourable position for geotropic excitation. 

38 
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The l(^af now erects itself till it ])ecomes almost parall* 
to the stem. 'Ilie response of the same pulvinus whi(^i. 
was fonm^rly “ dia-geotropic ** now becomes “ !iegatively get. 
tropic”; but an identical organ cannot be supposed to 
possess two <li(l‘»irent specific sensibilities. The iiornuil 
horizontal position assumed by the leaf is, thercifore, dur 
to difl’ercntial g(;otro[)ic excitabilities of tin' two sides of a 
dorsiveutral organ. 

I have (axjdained (p. 40J) that wh(*n the pulvinus of 
is subjected to latt'ral stijnulation of any kind, ii 
uiKho'goes a torsion, in virtue of which the less (‘xcitabl** 
half of ll)(^ organ is made to face the stimulus. Kxperi- 
mi'iits will be d(*scrib(‘<l in a su))S(‘(iuent cluipt(*r whicii 
show that geotropic; stimulus also indncc'S similar torsional 
rc'sponsc'. 'flu' n'sults obtainc'd from this method of i‘nquii*\ 
give* indepcMideiit proof: (I) that the lower Iniif of the 
[)ulvinus is geniropicall y tin; more excitable, and { 2 ) that 
the dirc'ction of incidemt geotropic stimulus is the vertical 
line of gravity which impinges on the upper surface <>) 
of the organ. 


SrM.\I AUY. 

'riie stimulus of gravity is shown to induce an exciia 
t.ory rc'action which is similar to that induci'd by othci 
fornis of stimulation. Tin* direct idfect of g^'otropic siiuii' 

I us is an incipic'iit contraction and rcHardation of rate <•' 
growth. 


'Pht' u})pcr side of a horizontally laid shoot is iiuw 
cdfectivoly stimulated than the lower side, the excitt 
upper side bt'coming concave. Klectrical investigation ah 
shows that it is the upper side that undergoes dire* 
stimulation. 
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Tropic reactions are said to be positive, when the 
<iirectly stimulated side underi'oes contraction with the 
'•-•suit that the organ moves to metd the stimulus. Accord- 
ion to this test, the geotropic response of tlie stem is 
l>n^itive. 

The g(‘otropic response is delayed by the bending down 
of the horizontally laid shoot. Reduction of weiglit is found 

shorten the latent period ; in the case of the petiole of 
Troj)((H)lt(ni this is shorter tlian ;20 seconds. The lattuit 
period of geotropic r(‘sponS(* is found to b(‘ of the same 
order as the ‘‘ migration period ” of the hypothcdical stato- 
liths. 

The complete geotropic curve shows charactcuastics which 
.tr(^ similar to tropic curves in general. 

In a dorsivcmtral organ the geotropic, excitabiliiies of 
ihe upp(‘r and lower sides an‘ dilV(‘renl, In l,lu‘ pulviiuis 
of Mi/f^osa th(‘ g(*otropic (‘xcitability of the lowin’ half is 
greater than that of the upper half. 'Tho di Iferent ial exci- 
labilities of a dorsiventral organ modilies its position of 
neo tropic equilibrium. 


A 



XL.— (;EO-KLK(rrRIC RESPONSE OF SHOOT 

By 

Sir J. G. fR)SE, 

Assisted by 

SATYENIJRA (^HANDRA (iUHA, M.SC. 

The experiments that have been described in the pre- 
cedinj' chai)ter shew that tln^ upper side of a lioi*izoiitall> 
laid shunt un(lorj,n)es (‘xcitatory contraction, in consequeiiei^ 
of whicli (In^ or^^an bmids upwards. The fundamental 
^'(‘otropic r(‘acti()n is, (lu‘refore, not expansion, but contrac- 
tion which results from all mo<leH of stimulation. 

In e-on(irm:ition of tin* above, 1 wishinl to discover and 
em|)loy in'w means of (let(‘ctin^' excitatory reaction under 
^nM>tr(»pic stimulus. In rei^ard to this, I would refer to tin* 
fact which I have* fully esiablish(*d tliat the state of (‘X(dr- 
ation can be delecU‘(l by tin* induced electromotive chaui^e 
of gal vanonndric in*gativity. This tdectrical imlication of 
excitation may be observevl t‘V(*n in ])iants physically res- 
trained from exhibiting response by mechanical movement.* 

ELEt.’TRIC RESPONSE TO STIMULUS. 

Pefoi’i* giving account of the results of investigation^ 
on the detect i(»n of g(*otropic excitation by means o* 
electric response, I shall ilescribe a few typical experinn*iu 
which will fully explain the method of the electric;*, 
investigation, and show the correspondence of mechanic. i 
and (deetric responses. [ have explained how tropic cur 
vatures are brought about by the joint effects, " 

ronijnirutive Klectro-Physiolot'y. ” p. 20. 
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. outraction of the directly excited proximal side A, and the 
rxpansioii of the distal side 11. In the diagram of mechanical 
((‘Spouse to stimulus (Fig. KMa) the excitatory contraction 
i> indicated by - sign, and tht‘ expansit)n, by + sign. 
The resulting movement is, therefore, towanls the stimulus 
as shown by the curved arrow. 

I shall now dt‘scrlbe the corresponding (dectric elfects 
in response to unilateral stimulus. We have to determine 
the induced electrical variation at the proximal side A, 
and at the distal side H. 

Electric response to dirert stinniiaiion : Experiment lOS , — 
For the determination of electric r(‘Sponse at the din‘ctl^ excited 
proximal side A, we take a shoot with a lateral leaf. Tlu^ 
point A, which is to undergo stimulation, is conmejtod with 



Fk;. Ifi4. — I)iap:r:iinrn;itio rcprft^niit.at.ion of Ihn mochanioal aiul olootrioal rcs]>on8f; 
O) (lirrct unilateral stimulation indicated by arrow ; — 

{a) PoBitive mechanical response (curved arrow) due to cord r:ictir)n of tlirectly 
stimulated A, and expansion of indireelly stimulated lb 
(6) Electric response of inducfri fralvauomctric riej^ativity f)f A under direct 
stimulation 

(c) Electric resjronse of induced jral vanometric positivit v at tin* dislal point 

B. 

(d) Additive effects of direct and indirect stimulations ; j^eil vanometric nega- 

tivity of the directly stimulated proximal A, and j^al vanometrie positivity 
of the indirectly stimulated distai point B. 

■ne terminal of the galvanometer, the other terminal being 
ed to an indifferent or neutral point N on the leaf. 
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Ap])liciiti()]i (>r any t'nnn stimulus at A, gives rise lo ai; 
(‘loctric ciinont which flows through the galvanometer froin 
the mmtral to the (‘xcit(‘(l point A (Fig. I(14b). Thn direr! hi 
Hthnyffited imint .4 thm heroines galvanometricaHij negative. 
4'h(^ “action ” current lasts during the application of stimuhi,- 
and disappiuirs on its C(‘Ssation. 

Fjlectrir response to indirert stinioUUioH : K.eperiruen! 
lf)0.—ANo hav<^ also seen that application of stimulus at A 
caus(!S indirect sliniulation of the distal point result- 
ing in an incn-ase of turgor and t‘.xpansion. The corres- 
ponding (jlectric changii of the in<lirectly stimulated point 
H is found in tin* responsivuj current, which flows now 
through tlu‘ galvanometer from the indirectly stimulated 1) 
to th(^ neutral point N (Fig. Idle). The indirert! g stiino- 
lilted, jioint thus heroines galvdiioinetricall g positive. 

Having tiuis obtained th(^ S(‘parate effects at A and !>, 
next modify the experiment for obtaining the joint 
elf(‘c(s. For this purpos(‘ tin' inuitral point N is discardt.'d 
and A and H cumnecUMl dir(‘ctly with the indicating giil- 
vanometer. On stimulation <d‘ A that point becomes jiegatiso 
and B positive*, and the currtuit of resj)onse flows through 
tln^ gal vanomett'r from ]> to A. The deflection is increased 
by the joint (‘lectrical reactions at A and B (Fig. Id Id). 
The rt‘siilts may thus In* summarised 

TAIU.K XXXllI. — KLEerine |{KSrOXSK n) UIRKCT IIXILATKIUL STIMULI'S. 


Eh'c;tri(?jd I'haiige at tin* proximal | Electrical change at the distal 
sidi* A. j side B. 

I _ _____ 

i 

( lalvaneiiict lie negativity indicative (hilvanomctric positivity iridicalivr 
of contraction and diminution of expansion and increase of 

of turgor. turgor. 

The corresponding tropic curvature is positive inoveinent towaiah' 
stimulus. 
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Galvanoinetric negativity is thus seen to indicate the 
. jfect of direct stimulus, and galvanoinetric positivity that 
jr indirect stimulus. We thus see the possibility of elec- 
!}ic detection of the effects of geotropic stimulation. This 
method would, moreover, enable us to discriminate the side 
of the organ which undergoes greater excitation. 


EXPERIMENTAL ARRANGEMENTS FOR ORTAINING GEO- 
ELECTRIO RESPONSE. 

Retui’iiing to the investigation on (d(‘ctric response to 
i;(‘otropic stimulus, the speeiimm of plant is at first held 
i‘rect ; two electrodes connocted with a s(‘nsitive galvano- 
meter ar(‘ applied, oni^ to an inditferimt point, and the 
f)ther to one side of the shoot. The sensitiveiu'ss of the 
Ljalvanometer was such that a curnmt of one inilllionth of 
an ampere ])roduC(al a defbmtion of tlie ndlecti'd spot of 
light through 1,000 divisinns of the S(;ale. An action 

current is produced on dis])laceni<mt of the plant from 

vertical to horizontal position. 

NoH-pitf-arisabff* elect — The electrical con mictions 
with the plant arc* usually mad<‘ by means of non-])olaris- 
:d)le electrodes (amalgamat(*d zinc ro<l in zinc-sulpliabi solu- 
tion and kaolin paste with normal saline). I at first 
used this method and obt;iiin*d all the results which will 

be presently (hiscribed. Hut the employment of the usual 
uon-polarisable electrodes with liquid electrolyte is, for our 
[>resent purpos(i, extremely inconvenient in practice ; for the 
plant-holder with the electrodes has to be rotated from 
vertical to horizontal througli The reliability of 

I he non-polarisable electrode, morc'over, is not abf)ve 

■•riticism. The zinc-sulphate solution percolates through 
ihe kaolin paste and ultimately comes in contact with 
the plant, and seriously affects its excitability. The 
name non-polarisable electrode is in reality a misnomer; 
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for tho action current (whose polarising effect is t( 
bo guarded against) is excessively feeble, being of tin- 
order of a luillionth of an ampere or even less; th** 

coimtor polarisation induced by sncb a feeble current is 
practically negligil)b*. 

'riie idea that non-polarisable electrodes are meant to 

g(Ml ri<l of i)olarisation is not thus justified by the facts 
of th(‘ cas(‘. Tho real reason for its use is very 
dillerent ; the (‘hudrical connections with the plant has 
t() be made ultimately by nuuuis of two metal contacts. 

If we tak(^ two pieces of metal even from the same 

sheet, an<l ])ut tleun in connection with the plant, a 
voltaic cou])b‘ is produciMl owing lo slight physical 
differene.es ladwemi the two electrodes. Amalgamation of 
the two zinc rods with mercury leduces the electric 
dilference but cannot altogether eliminate it. 

I have l)een able to wip(* olf the dilference of poten- 
tial betWiMMi two ])ieces of th(^ same metal, say of plati- 
num, and by inunorsing them in dilute salt solution 
from a volt.'iic cou]de. The circuit is kept complete 
for 21 hours, and the potential of the two electrodes 
by this proc<‘Ss is nearly equalised. A perfect bquality 
is secured hy r(‘peated warming and cooling of the 
s<dution ai\<l hy sending through the circuit, alternat- 
ing current which is gradually reduced to zero. I have 

hy this means Ixaui able to obtain two i*h‘ctrodes which 

are iso-electric. The specially prepartMl electrodes (made 

ot gold or platinum wire) are put in connection with 

the plant through kaolin ])aste moistened with normal 
saline solution, (hire should be taken to use opaque cover 
over the plant-holder, so as to guard against any possible 
photo-electric action ; moistened blotting paper maintains 
the closed chamber in a uniform humid condition. 
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The direct method of contact dt‘scril)ed above is 
xtremely convenient in practice ; the resistance of contact 
considerably reduced, and there is no possibility of its 
sariation during' the necessary process of rotjition of the 
tlant for subjecting it to geofropic action. 


GEO-ELECTRIC RESPONSE OF THE UPPER AND LOWER 
SIDES OF THE ORGAN. 


We have next to discovin* the eh‘ctric cliaiigi* i in I need 
by geotropic stimulus on th(‘. ujiper and lower sides of 
the organ. For this purpose it is necessary to find a 
neutral point wliich is not atf(‘cted l)y the inclination of 
the organ from V(‘rtica.l to horizontal position. For the 
present experiment, I employed the llowor of the water 
lily Nymphiva, the peduncle of which is sensitivt* to geo- 
tropic action. One electrical contact is made witli a 



FKt. ](>,'). — I Jiaj'r.iinniatic of ^ro-olrntric 'I'Im* iniddh' 

represents vertical position. In li.i^ure to the rii^dit. rotat ion tlu'oiif'li -llM)' 
'ui.s placed A above with induced electric change of galavaiiomet ric lu'gativity of 
In tin; lignre to the left, rot ation is thnaigh - !M)'‘ A being bedow ; the electric 
o^ponse is by induced galvanoinet ric positivity of A. For simplification of 
dagrain, vertical position of sepal is not always slunvn in the figure.. 


opal, which is always kept vertical ; th(‘ otht^r (d(‘ctric 
ontact is made at the point A, on on*? side of the 
lower stalk (Fig. ll]5). On making connections with a 
ensitive galvanometer a very feeble current was found, 
vhich was due to slight physiological difference between 
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Uic iKMitral [)oint, N, and A. This natural current may ho 
allowed to remain, the action current due to geotropism 
luuriL' y^uperimml nn it; or the natural current may lx 
iKMitralised hy im*ans o£ a ])otentiometer and the reflected 
spot of lijLtlit hrouj'lit to zero of the scale. 

f)idinu‘(l rhidric i^aridtintt. on upper Kide of the or<jat\ 
FjXpenmenl /7<L— While the sepal is hold vertical, the 
stalk is displaciMl throuj?h +110-^ so that the point A is 

above, (hs)tropic stimulation is at once followed hy a 

r(‘S])oiisive current which flows throu^'h the ttalvanorntdiM’ 
from N lo A, tlu^ up])er side of the or^^an thus exhihitiui,' 
t^xcitatory n‘action of ^al vanoim^tric n(‘^ativity (Right-hand 
figure of I lid). Wlum the stalk is hrouglit back to vertical 
position g(iotropi(‘- stimulation disappears, and with it the 

ri'sponsive current. 

Ftedric rrspom^r of the louder ddr : F.rperi tnent 17 L — The 
stalk is now disjilaced through - : tht^ point A, which 

under rotation througli +110® pointed uj)w;u’(is, is now 

made to point downwards. The direction of tluj current 

of respons(‘ is now found to hav(‘ undergom^ a reversal : 
it now Hows from A on the lower sid(' to the mmtral 
point N ; thus under geotropic action the lower fiide of 

the organ exhibits gatvanometriv pimtivitg inditjative of 
incriuise of turgor and expansion (Left-hand figure Idt)).* 

Having thus found that the upper side of the organ 
under geotropic stimulus becomes galvanometrically nega- 
tive, and the lower side, galvanometrically positive, \v« 
make electric connections with two diametrically oppoait* 
points of the shoot A and H, and subject the organ 

to alternate rotation through and -90°. The electm 

motive changes induced at the two sides now hecam* 
algebraically summated. 1 employ two methods for geotropi- 


* For detailed account cf. Chaptev XLIII. 
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stimulation; that (1) of Axial Uotation, and { 2 ) of 
Vertical Rotation. 


METHOD OF AXIAL ROTATION. 

In th(^ method of Axial Rotation, th(‘ orL'iin is held 
with its loiLi? axis horizontal (Fij?. ItJdllL We have seen 
(hat the f'l'otropic action increases with the anji^h^ which 
(he respondini' surface' of the organ makes with the 



Kl(i. ir>r».— Diagram in.'itic ropn-^rntat ion of t lio Moi.hod of A .vial Kotat ion II, ami 
"f Vortical rotation V (kco text). 

vertical lines of gravity. Whi'ii the organ is held with 
its length horizontal, the angle made by its two sidtts, A 
and B, with the vertical is zero and there is thus no 
geotropic eflect. There is, moreover, no differential effect, 
since the two sides are syniinetrically placed as regards 
(he vertical lines of force. The plant is next rotated 
round its long axis, the angle of rotation b(u’ng indicated 
in the circular scale. When the rotation is through +90 , 
A is above and B below ; this induces a differential 
geotropic effect, the upper side exhibiting ex<;itatory electric 
change of galvanometric negativity. 
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Kx/mrinunt 172 . — I shall, as a typical example, give a 
♦ h^tailed account of (‘xperimtuits with the petiole oi 
TropiVobDn which was found so highly excitable td 
g(‘otropic stimulus (p. h>i). The specimen was held horizontal 
with two symni'drical contacts at the two sides, the electrode.s 
being contuMdiMl in the usual manner with the indicating/ 
galvanonnder. Wlnm tlui plant is rotated through -filO' 
cheiu^ is an imm(‘diat(‘ current of response, the upper 
side l)ecoinii)g (jdfvaynntietricalhf )i'}(jative. This excitatory 
reaction on the upper sidi‘ finds, as we have seen, tin^cha- 
nical (^x])r(‘saion by contraction and concavity, with posi- 
tive or uj)-curvatur(‘. 

'Pho dilVereidaal stimulation of A and H disappears on 
rotation of the axis ])ack to zero position, and the induced 
electro-tnotive response also diaap])ear3 at the same time. 
If now the axis he rofated through - A will become 

the l()wer, and H the upper and the excited sidi^. The 
electro-motive cliangc* is now found to have undergone a 
reversal, V} becoming gal vanometrically negative. This 
induced (dect ro-motiv(‘ variation un(h*r geotro})ic stimulus is 



Kill. Itl7. niM’/rnmin.it if ioii of tho j/i‘o-eluctric rcsporiMi of tli 

shoot (sof text). 


of considerable intensity often exceeding 15 millivolts. Tie 
characteristic electric change is shown diagrammatically i' 
figure 167 in which the middle figure shows the symine 
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irical or zero position. On rotation through -f (tigurt‘ 
to the right) A occupies the upper ami U the lower 
position. A is seen to exhibit iiuluceil changi* of galva- 

tiometric negativity. Rotation tlirough - [)iP reverses the 
ciirrtuit of response, as B now occii})ies tln> upptu* and A 
the lower position. 

CHARACTERISTICS OF C KO-ELECTRttt RESPONSE. 

There are certain phenomena connecte<l with the idee- 

trie response under geotropie slimuliis which appear to he 
highly significant. According to statolitliic theory 

“ Geotropic response begins as soon as an organ is deflect- 
ed from its stable position, so that a few starch-grains 

press upon the ectoplasts occupying the walls which tire 
underneath in the new position ; tin actual rearrangi'inent 
of the starch-grains is therefore not tin essential condition 
of stimulation. As a matter of fact, the starch-grains do 

very soon migrate on to the physically lower walls, wlien 
a positively or negatively geotropic organ is placed hori- 
zontally, with the result that the intonsity of stimulation 
gradually increases attaining its maximum value wdien all 
tlie falling starch-grains have moved on to th'‘ lowi*r region 
of the ectoplast. The time reipiired for the com])lete 
rearrangement of the statoliths may he termed the period 
of migration; its average length varies from five to twenty 
minutes in ditfereut organs.”* 

Htimulatio]!, according to the statolitlnc thi'ory, is induced 
hy the displacement of the particles. The diameter of the 
geotropically sensitive cells is considerably less than 
‘)*1 mm. ; and tlie stimulus will he perceived after tlie very 
^hort interval taken by ti e statoliths to fall through a space 
shorter than 0*1 min. This may he somewhat delayed by 
rhe viscous nature of the plasma, but in any case the period 

* Huberlandt— p. 
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for percoptihh* disjihicomont of th(3 statoliths should be very 
short, about a S(‘Con(l or so, and the latent period of 
perception of stiriiiilus should be of this order. 

ddie mechanical indication of rt'sponse to ^ stimulus 
is delayed by a ])eriod which is somewhat indefinite ; for 
the initiation (d’ r(‘sponsive j»rowth variation will necessarily 
lag behind the perception of stimulus, 

Fjxpfiriniont 17 S . — ^The mechanical response with its draw- 
backs is thus incapable of giving an accurate value of the 
latcMit })eriod. Th(‘ electrical method of investigation labours 
under no such disadvantage, since the excitation is here 
deti‘Cted (iven in tli(‘ al)senc(» of movement. The perc(‘ption 
of stimulus will thus b(‘ followed by response without 
unduii delay. I shall in this connection give a r(*cord of 
electric respons(i of the (juickly reacting petiole of Tvopiva- 
lum, wlnm the angh‘ of inclination is iucr(‘ased from /i*ro 



Kie. 1(’»S -( rio rcspoiisj* of tho petiol« of '/'roptmlnm. 

to The responsive movement of the galvanometei 

spot of light was iniriateil in less than o seconds aii''. 
the maximum detlection was reacheil in the course of 
seconds. The angle was next reduced to zero, and tie 
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• leflection practically disappeared in tlie further course of 
.1 minute and a half (Fi^. 16<S). There was a small 
excitation remainder 'h But with vi.t]:orous specimens tlu‘ 
recovery is complete. 

The latent period of quickly reactin*' petiole of 7Vu- 
pivolwm is thus about 5 seconds, a value whicli is more 
consonant with tlie idea of particles inducinji' excitation by 
flieir fall througli an exci^edingly short distance. In very 
sluggish organs latent period may be as long as a 
minute (Fig. Ibll), which is considerably shorttT than an 



Fie. Gfc-flrct ric icspoJirtc of tin* .sc-:ip«* of f'riclls^. 


liour, the gein;rally accepted value. Further t‘ven in the 
electric response, the latent period will be delated beyond 
the period of perception. For tliis perception takes place 
in some unknown sensitive layer in the int(;rior of the 
tissue, while electric contact is made with the epidermis 
outside. It is obvious that certain time must elapsi* before 
the excitation, initiated at the sensitive layer, sliould reach 
the epidermis. Under uleal conditions of experiment which 
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will 1)0 (IcBorib^d in ii siibsoquonl chapter, the latent period 
for f'eotro})ic excitation, I fiiul, to be sometimes as short as 
a second. 

PIIYSIOLOiilCAL CHARACTEH OF GEO-KLECTRIC RESPONSE, 

The intensity of the electro-motive variation is found 
to depcmd on tlie [)liysi(do‘fical vi^nnir of the specimen. 
The 'rro/Hfohini, plant, used for most of the above experi- 
ments, are at tln‘ b(\st condition of ^'rowth in (Calcutta 
in February ; after this the plants begin to decline in 
March and die olf by tlie (uid of A})ril. 

KrperififrNt 174 . — In February (he intensity of electric 
r(‘Hponse was lu'arly double of that in March; it was only 
in March that I niad(^ (|uantitati ve determination of tin- 
in (bleed e 1(50 tro- motive force between the upper and lower 
contacts on rotation of the spe^cimen from zero to 1)0^. 
'rh(‘ F. M. F. was debn’inined by the potentiometer juethod. 

I give b(dow the following typical values obtained with 
two dilfereiit stiecdinens: — 

Stieciinen ... ... Induced K. M. F. 

(1) ... ... \2 millivolts. 

i'i) r> „ 

In the most favourable season the induced electri'- 
motive foice is likely to excet‘d the above value ver\ 
considerably. 

Effect of .l^<\ - -While a young petiole gave the abovi- 
value, an old speciimm from the same plant exhibiti'd 
no response. 'fhe ])lants W(‘ro in a dying condition in 
April and all indications of electrical reaction were found 
abolished. Tlu‘ i)hysiological character of the response was 
also demonstrated by first obtaining the normal electric- 
resi)onse in a vigorous specimen ; after death, by immersion 
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in boiling water, the plant gave no electrie response lo 
geotropic stimulus. 

EFFECT OF DIFFEKKNTIAL EX(UTAIUIJTY OF THE OROAN. 

I have hitherto described the geo-eU^ctric eflect of 
radial and isotropic organs. The iinluced E. M. b\ at 
was found practically the same whether A was above ami 
B below, and vice verm, lii the mechanical ri'sponse of the 
piilvinus of Mimosa., the geotropic excitability was, liow(‘ver, 
found to be greater in the lower half than in tln‘ upper 
(p. 440). I wishtMl to investigate the ({uestion of dilVtu’ential 
geotropic excitability anew, by means of electric resi)ons(‘. 

K.eperiment /7).-- Klectric connections with tin* galvano- 
m(‘ter were math' with the upper ami lower halvt's of the 
pulvinus, the organ b(‘ing placed in the vertical or neutral 
position. The angh» of inclination was then incrt'ased to 
1H)° in the positive and negative directions alternali'ly. 

'I'Anr.K WXIV — I)110''KRKNeifi OK OKO-KL KeTUK' itKSI'ONSK OK I'l’I-KK AND 
I.OWBUl UAIA KS OK THK IMMAlNCs OK Minnosd. 

SpcciiiuMi. I^)sition ol particular half uf piilviliiis. IihIiicimI E. M. F. I 

, I 

I 

... I millivolts. 

... I ;to 

... ' It! ., i 

... . -.'y 


( 1 ) 

CO 


rf)pcr half above 
Lower lialf al)ove 

llp[»er half above 
Lower half abov(* 


III the former case the upper half of the pulvinus occu- 
pied the up-position ; in the second case the np-position was 
occupied by the lower half of tin? pulvinus. In both eases 
strong electric responses were obtained, the upjier point 
of contact being always galvanometrically negative. There 
was, however, a difference between the two rt'sponses, the 
excitatory electro-motive variation was invariably greater 

:i4 
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when the lower half of the organ occupied the favour- 
able up-position. This will bo seen from the results ol 
two typical exi)erirnents in table giv(‘n above. 

The electrical mode of investigation thus loa<ls to ct)n- 
firm the ri;sult obtained with mechanical method, that the 
lower half (»f the j)ulviiiu8 of Miimmi is geotropically 
more! excitable than the .upper half. 

llKLATroN UETVVKKN AXOLK OE I Xt.'LJX ATJOX AM) 
GEOTItOriC EFFEtrr. 

Ill the Method of Axial Rotation, the condition of tlie 
experiment is ideally pi^rfect ; in the neutral position tin* 
sides A and 15 are both paralhd to tln^ vtudical lin(‘s of 
gravity, and are little atfected by g(‘otropic reaction, As 
the specinum is rotatiMl on its long axis the vertical coni- 
ponent of the force of gravity increases with the angli‘ of 
inclination. The hypothetical statolithic particles will be- 
come displaced all along the cell, and the vertical pre.ssur<‘ 
exertc'd by thetn will also increasi^ with the angh?. 

The geo-eI(‘ctric response will tlnui alford us a nnsisur* 
of the intiuisity of exiutation induced at various angles ol 
inclination. Tlu* mechanical resjionse on account of itr- 
inherent deCt'cts does not alford us the true relation be- 
tween the angle of inclination and intensity of geotropi< 
reaction. Hut the eh^ctric method of imiuiry is friu* Iron 
the defects of the mechanical method. 

K.vpfif i}hent 170 , — The specimen was rotated so that tie 
angle of rotation was 1;“)°, and the maximum electric 
response observed. The angle was next increased to 

and the reading for the enhanced response taken. 'Jd\ 
ratio of the geo-electric response at IHF and 45^, thn 
atfords us a measure of the eH'ective stimulations at th 
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,\vo angles. I give below a table which gives results 
.•btained with 24 dill’ereiit specijiieiis. 


TAHLK XXXV — RKI.ATiON BKTW KKX AXi;i-K OV 1N(1,INATH)N AM» 
(JKO’lROlMe KKFKCT. 


No. of spcoini(*ii. 


< iiiIv5Uioiiu*(ric 


in) at 45" 


(h) at 110" 


Ibltio 


l> 


a. 


1 

... 70 

Oivisioiis ... 

no 

divisions 


1 

1-5 

2 

.40 

M ... 

45 

• 


1 -5 


... 110 

.. 

1 2(*> 



1*1 ! 

4 

... 70 


loo 



1-4 ; 

ft 

... 21 


44 



I •♦*> 1 

i; 

...; 40 


50 



1T> 

7 

...' 12 


20 


... 

IT> 

S 

... 14 


20 


... 

1*4 

u 

... 10 



1(> 



IT) 

10 

... 45 


75 


... 

1-5 

11 

... 25 


40 


... 

IT) 

12 

... U 

.. ... 

20 



1-4 

\:\ 

...! 14 


20 



1*5 

14 

40 


1 50 



1-5 

ir, 

... 48 


; 54 



1-4 

10 

... 50 

... 

; 75 



1*5 1 

V7 

... 55 


I 90 



1-5 j 

IS 

... 14 


: 20 


... 


19 

... 17 

,, 

1 25 



1-4 

20 

... 80 


140 

• ^ 


1 -5 

21 

... 15 


22 

n 


v\ ; 

22 

... 45 

... 

■ 75 

n 


1*5 

214 

... 145 


: 220 



IT) 

24 

... 55 



, 94 

’ 


1-5 



. . - 






Moan ratio - 1*40 


The mean ratio 1-49 may thus he reeanled as the 
lelative geotropip efl’ects at 90^ anil 45"’ ; this is practically 

:u A 
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tin.; same as =1*1. Ilrncc we arrive at the following 

law : 

The iuLcnsiiu an. fjeolrain’c Ctrl ion. vcit ios cm thr, sine of the 
(Urrrtlvc angle, 

METHOD OF VEitTHJAL ROTATION. 

I liave hitherto (l(‘Seril)e(l results obtained with the 
Method of Axial Rotatie]i ; I shall now take up the 
second method, that of Vertical Rotation, diagrammatic 
re|)n‘S»mlation of which is givcui in figure ItlGV. Thi‘ Si)eci- 
men is ludd v(‘rtical and two (di'Ctrieal contacts, A and 
1^, mad<‘ witli th(‘ two lateral sides; it is then rotated 

round a horizontal axis porpmidicular to tlH‘ hmgtli of the 

spec.ijnen. Rotation may he carried in a right-handed 

direction with increasing angh* with tlie vertical. I^he 
point A is thus sid)jecti‘d to (‘UhanctMl g(u>tropic stimula- 
tion and exliihits increasing electric change of galvano- 
irndrit*. m'gativity ; continuous d(‘creas(* of angle of inclina- 
tion to zero by roiali<m in the reverse direction causes a 
<lisapp<‘arance of the induced electric (duinge. The rota- 
tion is next continued in the m'gativtj direction by which 
the point 11 is increasingly subji'Cted to geotroj)ic action. 
I> is now found to exhibit exedtatory reaction, the curreni 
of response having undergone a reversal. Rotation to th* 

right and left will be distinguished by plus and minm 

signs. 


ELECTRIC RESPONSE THROUtJH AN ENTIRE CYCLE. 

hlrjteri inent 177. — When tlie speciimm is vigorous, charac- 
tt'ristic response with its changing sign may be obtaine* 
through an entire cycle from tt° to 4- l')^ to -f 9tl ; the( 
back to to IP to ' ir)^ to -9(1'. With less vigorous speci- 
mens the responses becomes enfeebled under fatigue. I giv- 
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i>elow the results ol‘ a typical experiment carried out with 
i vij^orous specimen, the response beini^ distini^uished as *- 
wlien A is above, and + when A is iadow, tlu' invi'rsion 
oringing about a reversal direction of the res))onsive current. 

, ■ I 

Angle of iie linntion ... +45^ , 4-<)()0 -f- 4 r,o ()0 _ 4 f,o _ <)j)e | 

(lalvnnnineter dollrclion ... -lU ' - lin IS O j -H 1 4 Min 

: i ! 

UF.LATION BETWEEN AN(;LE OF VEETK^AL ROTATION AND 
INTENSITY OF (;E0TR01M(' REACTION. 

The relation Ix^tween the angle of inclination and tln^ 
i‘(‘sulting geotropic action his alnaidy been deti‘rmiiu‘d 
!)>’ the Mtdhod of Axial Rotation. Tht‘ ratio betwiam 
the geotropic etVects at 90'-' and 45'^^ was thus found 
to be 1*49, whicdi is nearly th<‘ same as I was 

next dt‘sirous of determining tlie relative* excitations at tin* 
two angles by tin* Mi‘thod of V'ertical Rotation. It is 
necu'ssary h(‘rc* to refer to (certain dill (*r(mc(*s of (Condition in 
tile two methods. In tlu* Axial Method, the hypothetical 
statoliths are distributed uniformly through the length of 
tin* C(*ll, and rotation I’ouml tin* long axis ejuisos <lisplacc- 
nient of the statoliths, the resulting pri*ssur(* thus increasing 
with tin* sim* of the angb* of imdination. Hut in tin* case* 
of vertical rotation through 45^ to tin* right, tln^ statidiths 
originally at the base* of the cell accumulate to the riglit 
hand corner of tin* C(*Il: a portion of the basal side of 
.‘he cell is thus subjected to pr<*ssure. When the anghi is 
increased to 90 ^ tin* statolitl's pass along the whob* b*ngth 
including tin* basal and apical sid(*s of the cell ; but the 
excitability of the apical half may provi* to be greater 
fhan that of the basal half. Hence »‘xcitatory geotropic 
otl'ect is not likely to vary strictly as in sine of angle (d’ 
inclinatio n. 
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Whatever the reasan may he, I find as a result of 
experiments with 12 ditferriit specimens that the mean 
ratio of the effects at and 45^, ol)tained by the Method 
of Vertical Fiotatio]i, is 1*(S : 1 which is greater than 1*10 : 1 
obtained by tlie Method of Axial Rotation, this latter 

value lH‘ing practically the same as 

SUMMARY. 

It is sliowri that tlie state of excitation muh^r direct 
stimulus is (ixhibit(‘d by an electrical change of galva- 
nometric negativity ; the effect of indirect stimulus induces, 
on th(^ other hand, an (dectrical ch inge of galvanometric 
positivity. 'fhe negative electric change corresponds to 
contraction and diminution of turgor ; the positive electric 
change indicates, on the other hand, an expansion and 
increase of turgor. 

The electric response to geotropic stimulus is studied 
by the two methods of Axial and Wndical Rotation. The 
upper side of a horizontally laid shoot is found to undergo 
an excitatory change of galvanometric negativity. 

In quick reacting organs the latent period of geo-electric 
response is about 5 seconds, and the maximum (‘xci ration 
is induceil in the course of 2 minutes. 

The geo-electric response is due to physiological reaction. 
Tlie intensity of response declines with agi^ and is abo- 
lished at the death of the plant. 

Under symmetrical conditions, the intensity of geotropic 
reaction is found proportional to the sine of the angle of 
inclination. 

Electric investigation shows that the lower half of the 
pulvinus of Miiywsa is geotropically more excitable than 
the upper halt. 



THE mechanical and electrical response 

OF ROOT TO VARIOUS STIMULI 


liy 

Sir J. C. Hosk. 

I\ the lust chaptor we studied t]u‘ eliuitric res})(>use of 
fhe shoot to the stimulus of i^ravity, and found that the 
excitatory elTect of that stimulus is similar to that of other 
forms of stimulation, lief ore taking up the subject of the 
t( 00 -electric response* of the root to gravitational stimiilu.s, 
J shall d(^scril)c the effects of other forms of stimuli on the 
mechanical and electrical response of tin* root. 

In connection with this subject, it should be borne in 
mind that th(3 res[)onsive curvature in the root takes placi* 
ill the sub-apical growing zone which is separated liy a 
certain distance from the tip. The stimulus is ther(*fore 
direct when applied at the responding growing region ; it is 
iiidireid. when ap[)lie<l at tin* tip of the root. The intc^rven- 
ing distance between the root-tip and the responsive zone of 
growth is semi-conducting or non-conducting. 

1 shall proceed to give an account of my investigations 
'•n the response of the root to direct and iudir(‘Ct unilaieral 
cumulation. We shall study : — 

(1) The Mechanical response to Direct unilateral sti- 

mulus. 

(2) The Electrical response to Direct unilateral stimu- 

lus. 

(II) The Mechanical response to Indirect unilateral 
stimulus. 
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(4) Th(^ EU^ctru^al re^pons^' to Indirect unilateral ati* 
mill us. 

MECirANK^AL RESPONSE TO DIRECT STIMULUS. 

As the ^'eotropic responsea of: the ‘shoot and the root are 
opposed to eaoh other, the object of the investigation is te 
find out; whether the response of the root to various stimuli 
is specilically dillerent from that of the shoot. We have 
seim that tissues in general respond to direct unilateral 
stimulus hy contraction of the proximal and (‘xpaiision of 
the distal side, the tropic curvature being thus [msitlvp, W(‘ 
shall now detmmiine whether direct unilateral stimulation 
of the root induC(‘S a tropic movement which is similar or 
dissimilar to that (‘xhihited hy the shoot. 

hlrprvlmeid 17S. — In experimenting with roots of vari- 
ous plants 1 obtained results which are precisidy similar 
to that of the shoot. Thi^ movement of the root was ob- 
served hy means of a reading microscope focussed on tin* 
ii]) of the organ. I employed various forms of stimuli, me- 
chanical, thermal, and chemical. Unilateral application of 
these on one side of rhe growing region gave rise to a posi- 
firp tropi(*. curvature, resulting in a movennint towards tin* 
stimulus. These experiments conlirm Sachs’ observation 
tliat unilateral application of stimulus in the region of 
growth induces jiositive curvature of the root. 

ELECTRICAL RESPONSE TO DIRECT STIMULATION. 

I next undertook an investigation on the electric responst 
of the root to direct unilateral stimulation. 

K.rjipr nnpnt l7iK — The terminals of the galvanometei 
were suitably connected with the two diametrically oppositt 
points A and B in the growing region of the root. 8timulu 
was now applied very near the point A, the various stimid 
employed in different experiments being : (1) mechanical 
(2) chemical, and (d) thermal. In every instance the excite 
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point A becomes galvaiionietrically negative. This shows 
liat the responsi' of the root is in no way difl’erent from 
liat of the shoot. 


lUECHANICAL RESPONSE TO INDIRECT STIMULUS. 


I^efore describing tin" efVec 


(1 




hr 







f I 


Lg> 


Fro. 170. — Mechanicjil and elc(;trical 
ic.'ponso to iiidiia^ct stimulation at (lotted 
.irrow. In (igure lo the loti, the point 
A, on the same si<i(' utlder^o(;^ expansion* 
uitli responsive meohaineal movement 
iway from stimulus indicated hy oon- 
ituious ;irro\v. In tii,Mne to the rii;hi, 
indirect stilnnlus at dott»‘«l arnMv induces 
■l♦*ctrie response of j^al vanonietrie posi- 
'iviry ar, A, indicative of increase of tur- 
/nr and expansion. 

lance from tin* ti]), the Htimul: 


t of indirect stininliis on tlu‘ 
root, I Hhall reca})it iilatt* its 
etfects on ordinary tissues. 
I have sliown that the 
effect of indirect unilateral 
stimulus is to imiuec* a 
movement away from stimu- 
lus. This was shown to he 
the case \<'ith tlie liiid of 
Ci'iniDii (p. 21U) and tin* 

tendril of Passijlora (p. 291). 
The mechanical and ch'ctric 
response to indirect stimii- 
lalion in the shoot is shown 
ill the diagrammatic re- 
presentation (Fig. 170). I 
shall now proctu'd to des- 
crihe the mechanical res- 
ponse induced iiy unilat(‘ral 
stimulation of tin* root ti])- 
As tire responding region 
of growth is at some dis- 
ition is tlnu’efore indirect. 


Kxperhnent IHO, — I employed at (irst mechanical stirnu- 
ius of moderate intensity hy ruhhing one side of tin* tij) of 
lie root of Bindweed \ this in<liiced a moveimmt away from 
dimiilus. Unilateral application of dilute acid gave rise 
o a similar response. Thermal stimulus of moderate intensity 
dso induced responsive movement away from the stimulus 
Fig. 171). 
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Darwin in hia Movements of PlanU deacrihed experi- 
ments on the resi)onsive behaviour of the tip of the radicle. 
He produced unihit'^ral stimulation in three different ways, 
first hy attaching minute fragments of cardboard to om 
side of llie root-tip ; this moderate and constant irritation 
was found to induce' a convexity on the same side of the 
growing region, widi the resulting negative movement, i.p,, 
away from stimulus. His second method was chemical, out* 
side f)f the ti]) being touched with silver nitrate ; the third 
method of stimulation was a slanting cut. All these methods 
imluc(‘d a movement awaj’ from stimulus. 


KLI^CTUICAL IIKS1H)NSK TO TNDFHKCT STIMULATION. 


Th(‘ next invtvstigation was for tlie determination of the* 
eh^ctrical chang(i induced in the growing region hy applica 
tion of unilateral stimulus at the root-tip. 

KximrioHOit ISl . — One of the two eb'ctrical connections 

with th(' gal vanonu'ter is made 
at one side of the growing region 
A, the othi'r conm‘Ction being 
made with the diametrically 
opposite point B. Unilateral 
stimulus was applied at tlie rooi 
tip of tlie beau plant, and on 
the same side as A. I subj(‘cttMl 
flu* tip to various modes of uni 
lateral stimulation. Alechanical 
stimulation was elfected by (‘iiiery 
paper friction or hy pin-})rick 
chemical stimulation was ])ro 
duced by application of diliit« 
hydrochloric acid. Thermal sti 
mulation was caused by th« 
proximity of electrically heate* 
every case the response was b; 



t’lu. 171. — repro- 

scMil.atioii of mocliaiiicM I iiinl elootjir 
response of ro<it t(» iiuliivct slitnulus 
applied at the tip (i. Kijriire to 
the left shows responsive move- 
ment away from stimnlu^. 'Phe 
electric response to imlirivt .■'t imulus 
is indicated in iln' tij^ure ti> the 
right; the point on the same sitle 
exhibiting galvain.imet rie [)osit,ivity. 
The rthade»l part indieates the 
responsive region of growth at 
some distance from the tip. 

platinum wire. In 


induced gntcunometric positivity at A (Fig. 171). Thi- 
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* U‘Ctrical variation took placo within about ten seconds 

< r the application of stimulus ; the interval would ob- 

Mously depend on the length of path to be traversed 

1 V the transmitted elfect of indirect stimulation. 

The galvanometric positivity at A indicated that there 

was induced at that point an increase of turgor and ex- 
jtansion, in consecpience of which the organ would move 
away from stimulus. Thus both by the mechanical and 
electrical midhods of investigation we arrive at an identical 
conclusion that the effi^cts of unilateral stimulus at the 
tip of the mot gives rise to a movement, by which the 
organ is moved away from the source of stimulus ; since 
tropic movement towards stimulus is termed y;n.s’/7//v% this 
opposite response must be regarded as neijdtlve, 

TAin.K XXXVI. — KFFKCT OK INDIRKCT STIMITI.CS lINirATKRALrV Ari'taKI) 
AT TIIK ROOT-ril‘. 

KlTect at tlic proximal f^ide A in the EllV'ct at the distal 

i;ro\vitig r<‘i;ion. side H. 


(Talvaiioinetrie positivity, indicative of 
increase of turgor ami cxpariHion. 


flic conx'sponding tropic curvature is rmgativc, a movement 

away from stiiindiis. ' 

The root-tip when Imrrowing its way umlergrouiid comes 
10 contact with liaiNl substances and moves away from the 
ource of irritation. Tlie irritability of tlie root-tip is 
"’•nerally regarded as being specially evolved for the ad- 
intage of the plant. But reference to experiments that, 
ave been described shows that this reaction is not uniqut* 
ut exhibited by all plant organs, growing and non-grow- 
ig. Indirect stimulus has been shown to give rise, in 
oth shoot and root, to a negative tropic curvature in 
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contrast to the posUii^e curvature brought about by direi 
stimulation ; the response of the root is therefore in u ; 
way (lifl’erent from that of vegetable tissues in general. 

Tt will also be seen that an identical stimulns induces 
two opposite effects, according as the stimulus is applie«i 

at tin* tip or at tlu^ growing region itself. In the former 
case, the stimulus is indirect, and in the latter case it i.s 
diri'Ct. The results are in strict conformity with the laws 
of eff(‘cts of dirc'ct and indirect stimulations that havt* 

been estsihlished regarding plant response in general (p. Silly 

SUMMARY. 

Ill the root, the responsive region is in the zone of 

growth. The tip of the root is separated from the region 
of response by a semi-conducting or non-conducting tissue. 

Dir(‘ct unilateral stimulus (applied at the region of 

growth) 'induces a positive curvature l)y the contraction of 
the proximal and expansion of the distal side. 

The electrical response to direct unilateral stimulus is 
galvanometric negativity of the proximal, and gal vanometrie 
})()sitivity of the distal side. 

Indirect unilateral stimidns induces expansion of tin- 
proximal side resulting in negative curvature and movn 
ment away from stimulus. 

The corresponding electric response induced is galvaim 
metric positivity of the proximal side. 

The responses of the root, to both direct and indiren 
stimulations, are precisely similar to those in the shoot. Th 
assumption of specific irritability of the root as differin ^ 
from that of the shoot, is without any justification. 



XLII.—GEO-ELECTRK’ RESPONSE OF ROOT 

Sill J. 0. Bosk, 

Asaisled bij 

Satyknoua (^handija (Juha. 

The effects of various stimuli, direct ami indirect, on 
I fie response of tlu‘ root have hetm descrilied in thi* last 
chapter. These res})onsivt*, reactions have hi‘en found to 
he in no way different from those of jh(* slioot. But the 
shoot and th(‘ r(K)t (exhibit uiuhn* tin* stimulus of gravity, 
responsive movements which are diametrically oppositi* to 
each other. These O[)posite (‘ffects of an idt'ntical stimulus 
have be(‘n regarded as due to sp(*cilic differi'iices of irritji- 
hility in the two organs, specially evolved for the advantage 
of the plant-. The root is thus supposed to hi? charac- 
lerised by “positive” and the shoot by “negative” geotro- 
pism. 

As regards responst; to otlier forms of stimuli, tin* root 
has been shown to behave like the slioot. We have nc»w 
fo inquire whether the rear.tion of the root to gravitational 
stimulus is specitically different to that of the shoot. 

The electric mcdliod of investigation described in the 
last chapter, holds out the jiossibility of discovering the 
‘haracter of the responsive reaction induced in the root 
hy its displacennmt from vertical to horizontal ])osition ; 
ve shall, moreover, be able to make an (*lectrical explora- 
iion of the root-ti]) and the zone of growth, and thus 
letermine the qualitative changes of response, induced 
in two regions of the root under the action of gravitational 
stimulus, For the detection of geotropic action in the shoot, 
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electric contacts were made at two points diametrical I 
opposite to each other. Displacement of the shoot froi* 
vertical to horizontal position induced excitatory chang 
of galvanoinetric negativity at the upper side of the organ, 
demonstrating the effect of direct stimulation of that side ; 
this excitatory reaction of the upper side tiiids independeni 
mechanical c^xprc^ssion in the induced contraciion and 
concavity of that side of the organ. 

1 employ a similar electric method for detection of 
geotro])ic excitation of the root, responses to geo tropic 
stimulus h(*ing taken at the root-tip and also at the zc)ih‘ 
of growth in wdiich geotropic curvature is effected. 1 
shall now proceed to give a detaihul description of th(‘ 
characteristic electric responses of the tip and of the growdng 
region. 


The two diametrically opposite contacts at the tij) 

will be distinguished as (t and the corresponding points 
higher up in the growing region being A and B. When tin* 
root is vertical the electric conditions of the two diame- 
trically opposite points are practically the same. Bm 
when the root is rotated in a vertical plane through -f- tld 
a geo-electric response will be found to take place ; the 
ilirection of the responsive current disappears when tli(‘ 
root is brought back to the vertical. llotation through 
-HO” gives rise again to a responsive current, but itr 
direction is found reversed. 


(;eo-elkctric response of the root-tip. 

ExperUiietd 1S2 , — I took the root of the bean plant an> 
made two electric contacts with the diametricaliy opposit 
points, a and of the root-tip at a distance of about 1‘ 
mm. from the extreme end. Owing to the very sma 
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.,/,(* of the tip this is l)y no means an easy operation. 

wo platinum points tipped with kaolin paste are very 

, irefully adjusted so as to make ^ood eh*ctric contacts at 
two opposite sides, without extu*tin^ undui‘ pri‘ssure. 
I’ or "eotropic stimulation the root has to be laid horizontal, 
ami as the root of the bean plant is somowhat lon^ and 
hiiip, displacement from . the vertical [>osition is apt to 

cause a break of the electric contact. This is avoidial by 
Mipportiii^ the root from the top and also from tluj 

sides ; for the latter purpose, I use paddin^ijs of cotton wool. 

After due observance of these prt'cautions tlie tdectric 
n‘sponse obtained is found t<> l)e v(‘ry dcdiJiite ; when the 

root is made Jiorizontal, by rotation (>f the root through 

+ 1)0°, the point a is al)Ove, ami tln^ ri*sponsiv(^ current is 
found to flow from h to a, the stdr. of the ti/) 

becoming ^alvanometrically negative; when the root is 

brought back to the vertical, th(5 responsive* current dis- 
a\)[)ears ; rotation through - 1)0° makes the ])oint h occupy 




Fn^. 172.— I>ia‘,^nirmnatic rcprcHcnIatioii of j^fo-cloct ric rcspoiif^c (jf root -lip. 
Mc inirldk* n^Mire slious root in vortionl pi)sitif)n. Uotntion thron^Oi t I'O'’ |)laa:s 
;U)()\e, winch hccoincs luu' metrically ncf^oilivc. Kutat.a.n Ihronpdi - IK)^, 

ices 6 above and makes it negative. 

oc ujrper position, and tlie responsive current is from a to 
; the upper side thus e.xhilrits in every case, an excita- 
ory electric change of galvauometric negativity (Fig. 172). 
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The root-tip thus exhibits the characteristic response to diiV' i 
stimulation. Experiments carried out with 12 differeiii 
sp(^cimens gave concordant results. The following tab: * 
gives the absolute values of electro-motive force indiic(! I 
at the tip under geotropic stimulus. 


TABLK XXXVII. — (iKO-KBKrTUH ' KKSrONSK OF THE ROOT TU’ {VicUl Filba). 

I SpuciiiKMi. I IiKiiioiMl E. M. F. 

' 1 ... ... ... ^ (rouor) volt. 

i 2 ... ... .. i 0‘OUll 

; 3 ... ... ... j U-OUIO „ 

i 4 ... ... ... ! O-OOlf) 

I ' 


ELECTRIC RESPONSE IN THE GROWING REGION. 

Krperiiiuint 183, — I next undertook an investigation nu 
tlie electric variation induced in the growing region under 
the stimulus of gravity. The experimental ditticulties aif 
here greatly retluced, since the available area of coiitaet 
for galvanometric connection is not so restricted as in tliv- 
case of the root-tip. The specimen is securely mounted 
that the root is vertical. It is next rotated in the vertic; 1 
plane through -{-1)0°, so that the point A in the growin ’ 
region occupied the upper position. The electric respon 
in the growing region took place in a short time and w, - 
very distinct. The induced electric change at A was nu 
galvanometric positivity indicative of increase of turg’ 
and expansion. 
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Tlu* series of experinieiils wimv carried out, in (ho 
illowing order. The speciiinni was hrst roiateil throuij;h 
; '.)()° so that A was above. The respt>iisive elmdrie varia- 

!,»ii rendeiaul it i'alvaiionietrieally positive. Tlu^ root was 

(ttated haek to neutral position wh(‘u tlu‘ eairrtuil dis- 

i))))eared. The root was next rotated tliroui^h :ind 

ho responsive eurreul heeann* la^vrrso.d, tin' u))p('r ]> Ix'com- 
n:,' electro-positive (Fii'. Ni)). 'rh(‘ alternatiNO relations 

hron^di -f-lU)® and wen^ earri(Ml out, six linu's in 

succession willi consist(‘n( lU'snlts. The iniorval allowed 
Htwiani one stimulation and th(‘ next was didcn-rniiu'd by 

ihe period of comi)lc‘te r(‘cov(‘ry. (Jrowinj^^ fatit^in' was 



I’li:. I7a. ic inn nl n^'n-rlnct l Ul l »‘.'>linii,-.f nt 'Jinulli;^ 

" ;'.nn of root. (<i) Rotation tlinni^li - IH) iii.-ikt'-; l>, i^.ilviiiininnl |M)-4iii\n. 

('') Vortic.'il wild iK.Mitr.'il [lOTition. (c) Rol.it loii l.liroii'j^li :i .miu* 

0 dors it gwlviiiiomet.riciil ly |>o'^it,ivn. (</) Additive ollocf <iii cn I’rnii I of i oipniiso, 

1 -tip a tipgativ(‘. and growinu^ rugloM A positive. 

f 'Und to increase this p ‘riod : at first it was S'‘V(*n niiniti<*s, 
•e the second repetition it was ton inlnuii'S, and at the 
Ciird tiiiK' it was prob)ni('‘d to tiftiMni niimit'S. 

I ^ivo below the S’*ries of electric respons 'S indiuaid by 
hernate rotations thron.Ltb 4- dC " ami - Tlie iij>[jer 

• '>sition was occupied by A in the odd series, and by 

35 
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ill tli(^ tivon S(*ri(‘S. Tii c^very casi‘ the upper side' becari 
f'ii)v5inoiri(*triciilly ]K)^itive. 


TAItLK XXXVIIl. — (iK(>-KLK(THlC l{KSPONSl’ OK ROOT IN' THE REiJlON 
OK (JROWTH. 


()<l(l Galvanometer di*lleetinii 

Meries. A, positive*. 


K veil 
scries. 


Galvanometer deflection 
15, positive. 


1 :^0 (livisioiis. 

Hi 



1<S divisions. 




1*2 


ADDITTVK ACTION-CURRENT AT THE TIP AND THE 
<1R0\VIN(5 REGION. 

It liu8 been shown tluat uinhn* i^eotropic stimulus tin 
iqiper sidt' of tlie tip, a, bt'cnmes i^uilvaiioundrically ne^M 
tive, while the point A, higher up in the growing region 
beconu'S gal vanonietrieally positive. If now \wo make tin 
two galvanoimdric connections with d and A, tin* induce' 
electric dillertuice is increUvSed, and the galvanornetric res 
ponse becomes enhanced. 

Kxpeviment 184 . — The root was at first held verticil! 
and two electric contacts made with d and A. In the 
neutral position there is little or no current. Hut as soo' 
as the root was laid horizontal, an electro-motive respond 
was obtained which showed that d was galvanometricali 
negative, and A gal vanoinetrically positives 
The induced electric response disappeared on restoration • 
the root to the vertical position. I give below the resul 
of typical experiments with a vigorous specimen whi( 
gave strong electric response. It was possible to repe 
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f.ii‘ geotropic stimulation six times in succession, the 
■ suits being perfectly consistent. The responses taken 
i: succession exhibited slight fatigue, the first detlection 
, ing 140 divisions, and th»" sixth UT) divisions of the 
j;il vanometer scale. 


i XXXIX. — IXI>lI('Kl> !■:. -M. F. VAKIATIOX HKTWKKX TIIK I'll’ A\I> 

THE (:iU)WIN(J RK(3IOX (a neqativk and a !‘i»S1TIVE). 


Oeotropic stimulatio.i. 

First .stinnilatioii 
Second ,, 

Third 
Fourtli 
Fifth 
Six til 


Resulting electric response. 

1 10 divisions. 
i:io 

i:io .. 

‘ 127 „ 

llo „ 


The results of experimenis IS:2 and 1<S,‘^ an‘- summarised 
>is follows; — 

(1) the induced galvanoniotric m*gativity at root ti}) 

indicates direct stimulation of the tip, and 

(2) tlu; iiidmaMl galvaiiometric positivity of the grow- 

ing region shows that it is th(‘ (dlect of indir('(;l 
stimulus that reaches it. 

From these facts it will be seen that the tip per- 
' ives the stimulus and thus undergoes (‘xcitjition, and that 
' ing to the intervening tissue being a semi-conductor 
' excitation, it is the positive impulse that reaches the 

35 A 
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L'rowin" ro^'ion imd in(liic(‘s ther(3 an expansion and 
convex cnrvatnre. 


({E()-l*EKCKPTI()N AT THE ROOT TIP. 

Tli(^ results L,Mvon above fully confirm Oliarles Darwin^ 
discovery that it is the root tij) tliat perceives the stim- 
ulus of eravity *; he found that removal of the tip 

aholisluMl the I'liotropic response of the root. Objection 
has b(*(*n raised about the shock-(dl‘t‘et of optnuitiou its(‘ir 

b(un^ tli(‘ causes of abolition of response*. Hut subseipnmt 
observations have shown that Darwin’s conclusions are in 
tlie main corri'ct. 

The exp(‘rinumts which T hav(‘ d(*scribed on tiie 

tdectric; rt^si)onse of the root tip and of the j^rowint' 

ref^don olfer conviucint,^ ])roof of tlie perception of tlm 
stimulus at tlu^ tip, and tln^ transmission of the elfect of 

indirect stimulus to th(^ <jjrowini( rei,don. These exiHoi- 

ments exhibit in an identical uni)tjurrd ori^nin : tln^ excita- 
tory reaction at tlu* upper side of the ti^), tin* cessation 

of (‘xcitation, and the (*xcitation of the op[)osite sidi^ of 

tlu^ tip, followini,^ tlui rotation of the organ throuyli 
-f 110°, l)^’ and - 1H)°. The elfect at the ij^rowing zone is 
precisely the opposite to that at the tij), /.e., an expansiv*- 

^ “ This view lias been the subject of a cniisi«leral>lo auiount of coutrovei’- ' 
Wiesiier denies the localisation of geotropic sensitiveness. Czapek, on 
other hand, supports Darwin’s tlieory. itccently Picard has attacked O' 
pr(d)leni in a new way (ami) c«>nel tides that not only the loot tip but also ! ' 

entire growing zone is capable of perceiving gravitational siimiili - 

both Picard's experimental method ami his interpretation are open to critici- .. 
the author has repiated his i-\p<‘rimeut s with a more satisfactory api)ara! 
lie fimls that in \lcia Faba, muUt-jianis and Lujihius albus, 1" 

apex and growing zone are gcotropiealiy sensitive, the former being by far ’ 
more sensitive of llic two, and the curvature of tlie growing zone be 
\Nithoiit a doubt largely indiiceil by seccudary stimuli transmitted from 
apical region, t liarles Darwin's views were therefore in the main correct. 
Haherlamlt — //><</, p. 7 IS. 



geo-rlkctrtc response of root 


475 


reaction which results from the effect of indirect stinui- 
i is, in contrast to the contractile reaction cIik* to direct 
- i in Illation. 

AVe may now proceed a step further and try to obtain 
,-oine idea of the difference in the nundianics of ‘jreotropic 
^(i]n Illation of the shoot and of the root, to account for 
ilic ditferent responses iu llu' two organs. Tlie la'ason 
(»f tins difference lies in the fact that in the shoot the 
|)(‘rceptive and ri'Spondinij region is oin‘ an<l the saint? ; 
every cut-piece of stem exhibits the characteristic ^u‘o- 
tropic curvatiirt*. In tin' root tin* case is diffenuit; for 

tin? removal of the sensitive root-tip rioluces or abolishes 
the ^n'.otropic action; tin* rc'i^don of maxi mum ^n'otro])ic 
jMU'ception is thus s ‘parated from that of response. It 

iinisL be borne in mind th it thi^ fioldx (jiml only in the 
atne of (jedvltational for the decapit«ited root 

still continuc'S to n'spond to other forms of stimulation 
such as chemical or photic. 

Tlie csiuse of this ditfenmee in tin* reactions to 

i.'cotropic and other stimuli lies in the facd that in tlie 

latter case, energy is supplied from outside. Ibit in 
L'i‘otro])ism the force of gravity is by itsidf inotx'rativc? ; 
i: is only through the weight of the cell contents that 
the stimulus In-comes etfectivi*. Want of rt'cognition of this 
fundamental difference* has l(‘d many observe?rs in tlH‘ir 
far-fetched and sweeping attempt, to establish an idimtity 
<'f reaction of the root to ge.otropic and photic, stimula- 
tions, in si)ite of facts whi(?h plainly contradict it. Thus 
I -e root moves away from the incident veidical line 
' ' gravity ; but under light, tlie root very often moviis 
’ wards the stimulus. The negative phototropic response 

the root of Sinapis is an exceptional phenomenon for 
inch full explanation has been given in pag(i .‘>76. 

We shall next consider whether the particular distri- 
•ition of the falling starch-grains (which offers a rational 
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explanation of t^eotropic stimulation) in the shoot and !■ 
tln^ root, is capable of fiirnisliini^ an explanation of ti. 
(lifTercnt .I'eotropic responses in the two organs. In tli ^ 
connection, tln^ results of investigation of Haborlandt an i 
Neniec are highly suggestive. Haberlandt finds statoliths 
present in the res}>onding region of the stem ; th. 

geotropic stimulation of the stem is therefore direci. 
Neniec’s investigation on the distribution of statoliths in 
tlie root show, on the other hand, that it is the central 
portion of the root cap that contains the falling starch 
grains, and this would account for the indirect geotropic, 
stimulation of the root. 

'riie theory of statoliths is, iiowever, not essential for 
tlu^ explanation of the opposite geotroi)ic effects in (he 
shoot and in the root. The observed fact, that the perccj)- 
tive region in the root is separated from the respondiin: 
region, is suflicient to explain tli(‘ difference of ge()tro[»ic 
action in the two organs. Tlirough whaU‘ver means tip* 
stimulus of gravity may act, ii is inevitable, from ilu* 
fact tliat the stimulation of the shoot is direct and of the 
root indirect, that an iilentical stimulus should in two 
cases induce responsive reactions of oj)])Osite signs. 

It will thus he seen that the postulation of two dilfeicnt 
irritabilities in the shoot and in the root is wholly 
unnecessary and unwarranted by facts. For the irrita- 
bility of the root has been shown to be in no way 
different from that of other organs; an uniformity is tliC'' 
found to exist in the reaction of all vegetable tissues. 


SUMMARY. 

On subjection of the tip of the root to the stimul ' 
of gravity, the upper side exhibits excitatory reaction 
galvaiiometric negativity. This shows that the root-r 
undergoes direct stimulation. 
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The electric response in the ^rowiiiL’^ region uhove the 
^limnhiteil point of the root-tip is positive, indicative of 
iicrease of tnrgor and expansion. This is due to the ef1\‘Ct 
■ d’ indirect stimulus. 

The stimulus of gravity is perceived at the root-tip ; 
it is the effect of indirect stimulus that is traiismitied to 
the responding region of growth. 

In contrast with the above is the fact that tin' growing 
i-egion of the shoot is both scmsitive and responsive* to 
geotropic stimulus. 

As the effects of direct and indirect stiniulaMon on 
growth are antithetic, tin* iv'sponses of shoot and root to 
the direcL and indi!'(‘ct stimulus must l)e of opposite 
signs. 

There is no necessity for postulating two dilVi‘rent irri- 
tabilities for the shoot and the root, since tissues in general 
exhibit positive or negative curvatures according as lln^ 
stimulus is direct or indirect. 



XLriI. -L0(.^AL1SATI()N 01^^ KO-PEROKPTIVE LAYER 
P,Y MEANS OF THE EI.EOTRIC PROPE 


Sir .1. H. P)()SR, 

H.s.s/.s7f'(^ Inj 

Satvi:m)Ua Piiandra (JiUfA. 

Thk <>l)so>iiriti(‘S whicli surround tlu* phenomenon of 
^uioli-opism arise: (I) from Hie invisibility of tht^ stiiiiuliitiii^^ 
a^umt, (;i) from want of dtdiiiite knowledge as to whether 
ilie f niidaim'iital r(‘aetion is eoutraeiile or (‘xpansive, and 
(d) fiom tlie jK'Cnliar characteristic that tin* stimulus is only 
ell'i‘ctive when the crienud force of gravity r(‘acts intar/iafh/ 
through tin*- mass of cojit(*nts oi the sensitive ct'lls. 

d'he ex])eriments tliat have been detailed in the foregoing 
chapters will have removed most of the dilUeulties. But 
beyond tln'se is the (|in*stion of that jiower iiossessed 
by ])lants of /lerceiriNi/ gi'otropic stimulus by means of 
c(‘rtain localis(*d s<*nse organs, which send out impulses in 
rt*sponsi‘ to which neighbouring ci*lls carry out the. move- 
ment of orii'iKation in a (hdinite direction. Are the sensi- 
tive C(‘lls dilfusely distributed in tlie organ or do they form 
a delinit(* layi-r > Could we by the well established method 
of physiologieal respoiisii localisi*- the Sv'iisitive cells in tie 
interior of ihe organ ? As the internal ct*lls are not acces 
sible, the ])roblem would appear to be beyond tin* reach ol 
exjierimeulal invi'stigation. 

It is true that ])ost-moriem examination of sectioned 
tissues und(‘r tin* microscope enal)b‘s us to form a probahh 
hypoHu'sis as regards the eonients of certain cells causiiu 
geotropic irritation ; we have thus the very illuminating 
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,iieory of statoliths proj.'oundoil by Noll, Habi‘rla.iult. and 
NcMiiec. Blit for the clear iindersiaiuliiii^ of ihe ifsiolofficd / 
..action which iiiduci'S thi‘ orieiitat.inj' movement, it is iu*ees- 
'.iry to get liold, as it were, of a single' or a group of 
- iisory cells in, situ and in a comlition of fnllesl vital 
ictivity ; to detect and follow by soim^ subtle ini'ans tlu' 
change induc(3d in tlu' ])i*ret‘])ti vi' organ and tlu‘ irradiation 
of excitation to neighbouring (‘(‘lls, throngh tin* entire* 
I'vcles of reaction, from the onset of geo(ro[)ic stimnlns 
lo its cessation. 

The idea of obtaining access to tlie unknown gi'o-percep- 
tive cell in tin* interior of tin* organ for carrying out 
various physiological tests would appear to be, very I'xti'a- 
\agant; yet I could not allogetlu'r give* up the tlionght that 
the obscure iiroblein of geotropic action might lx* at tackl'd 
with some chaiici* of sucA*ess, by means of an I'lectric probe 
which would ex])lore the (‘xcitatory eleiuric distrihnlion in 
the interior of the organ. But the e\])(‘rimental dilliculties 
which stood in the way wei’i* so gri'at that for a long (inn* 
I gave up any serious attempt to pursue tln^ subject. And 
it is only whim the present volume is going thr(uig}i the 
press that the very first ex])eriments undertaken ])rov(‘d so 
highly successful that I am ablti to give a short ai'i'ount, of 
the more important results, which cast a Hood of light on 
'he obscurities of ge!>tro]>ic phenonn*na. The, new method 
has opened out, mori'over, a very extinisive range of 

investigation on the activities of cells in the interior of 

an organ, and enabled me to localise the conducting 

nerve’ whicli transmits exiiiration in plants. Thesis and 
'■I her results will be loviui in the ni'xt volume. 

METHOD OF EXPLORATION BA' THE ELEt^TIUC; PROBE. 

"J^he priiicijile of the new method will be b<*tter undei- 
lood if I first explained the stiqis of reasoning by which 
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1 wiis UmI to discover it. Tlie experiments described i 
(Muipter XL sho\v(‘d that the upper surface of a horizoi. 
tally laid shoot exhibits sign of excitation by indiiCi- 
galvanonietric negativity; that this was due to the stiiniilu 
of gravity was nnide clear by restoration of the plant-orgai 
to th(^ vertical position, when all signs of electric excitatiui 
disappeared. Now the skin of the organ on which tin 
electrode was appliiMl could not be the perceptive organ, foi 
the removal of the epi<lermis did not abolish the geotropi< 
action ; the perceptive layer must therefore lie somewher. 
in the interior. As (‘V(^ry side of a radial organ UIulergoe^ 
geotropic excitation, tln^ geo-perceptive cells must therefoit 
be disposed in a cylindrical layer, at some unknown deptl 



Ki(4. 17 1. — DiagrainnKitic representation of the i::eo-peree])tive layer 

nnexeited vertical, ami in (‘\cite<l liori/ontal j)oaition. (See text.). 

from the surface. In a longitudinal section of the slio'' 
they would appear as two straight lines (J- and G' (Fig. 17 ! 
In a vertical position the geo-perceptiv(^ layer will reina 
quiescent but rotation through + would initiate t 

excitatory reaction. Let us first centre our attention to i 
geo-perceptive layer G, which occupies the upper positi' 
This sensitive layer perceives the stimulus and is therefe 
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he focus of irriuitioii ; the state of excitation is, as we have 
ecu, (letect(‘d by iuduceil galvaiioinetric negativity, and the 
lectric change would he most intense at the perceptive 
,ayer itself. As tlie power of transverse conduction is fcehh‘, 
■he excitation of the perceptive layer will irradiate into the 
neighbouring cells in radial directions with intensity dimini- 
shing with distance. Hence the inttmsity of lavsponsive 
electric change will decline in both directions outwards and 
inwards. 

The distribution of tlu^ excitatory change*, initiated at 
the perceptive layer and irradiatial in radial directions is 
represented by the deptli of shading, the darki‘st shadow 
being on the perceptive layer. Had (‘xcitalion bet^n attcndial 
with change of light into shadi*, we would have witnessed 
the spectacle of a deep shadow (vanishing towards the 
edges) spreading over tln^ dilf^uNuii layers of cadis during 
displacement of tin? organ from vertical to horizontal ; the 
shadow would have disappeared on the restoration of the 
orgati to th,e vertical position. 

Different shades of (ixcitation in dilfeiauit layers is, how* 
ever, capable of discriininatioii by means of an insulated 
idcctric probe, wliicli is gradually pusluMl into tln^ organ 
Irom outside. It will at first encounter increasijig excitatory 
ediange (luring its approach to tin* ])orcepUv(^ layer wlu're 
the irritation will ])e at its maximum. d'lie indicating 
galvanometer in connection with tlui probe will thus iudi- 
‘•ate increasing galvaiiometric negativity, whi(di will rt‘acli a 
uiaximum value at the moment ol contact of the probe with 
’he perceptive layer. 

It will be understood that tlx* surlaci* (dectric rtiaction 
inder geotropic stimulus, which we hitherto obtained, would 
>e relatively feeble compared to tlm response obtained 
.villi direct contact with the maximally (excited perciiptive 
ayer. When the probe passes beyond the perceptive layer 
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the electric iiidiciitioii of excitation will undergo decline and 
final abolition. The characteristic effects described abovt^ 
are to ])e found only under the action of gravitational 
stiiniilus ; they will be al)sent when the organ is held in 
a v(!rtical position and thus freed from geotropio excitation. 

I hav(5 hitherto spoken of the excitatory effect of the 
upper layer ; th(‘re in list be some physiological reaction 
on the low(u* ])crci^ptiv(‘ layer, though of a different 
character, represented diagraminatically by vertical shading. 
Had the physiological reaction on the lower side of a 
radial organ been tln^ same as on the up])er, geotropic 
curvature would Ijave been an impossibility, for similar 
reactions on opposite sidcis would, by their antagonistic 
effects, ’have neutralised (‘ach otlu'r. 

After this pridiminary explanation, I shall give a detailed 
account of the exp(‘.riments and r(‘sults. It is to be borne 

in mind that the investigation I am going to describe pre- 

♦ 

supi)OSes no hypotliesis of geotro^jic action. I start with the 
observcMl fact that an organ under the stimulus of gravity, 
exhibits responsive movement. I ascertain the nature of 
the underlying reaction by (dectric tests ; I have, in my 
previous works, fully demonstrated that the excitatory con- 
tractile reaction is detected by (dectro-motive cliange of 
galvanometrie negativity, and the opposite expansive reaction 
by a change of galvanometrie positivity. With the electric 
probe. I ascertain wliether geotropic irritation is dilfuse, or 
whether it is localised at any particular depth of the organ. 
I map out the contour lines of physiological reaction willi 
its heights and dei)ths of excitation. 


I siiall now proceed to describe the results of electru 
exploration into the interior of the organ. The trouble J 
foresaw, related to the irritation caused by the passage o: 
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lie probe, and the after-e/reet of wound on variidion of 
xcitability. 


THE ELECTRIC IMIORE. 

The wound-irritatioii is, howi'vor, r(‘diu;»Ml to a niiuimuin 
hy making tlie probe exceedingly thin. A rliu^ platinum 




ElU. 175. — Tli(‘ Electric Probe, Eij^Mire to Ibe left repre.-eut s one elictrir 
contact made w’itli s(*])al ff Nf/mpfnta, ainl tin* oIImm*, with the ilower-st:i Jk by 
means of the probi; ; the included ;^alvn-inonieter is represented hy a circle. 
Ki<(iire to t,ho ri.itht iiii eiil:ir;^cd view of the probe. 

wire ()•()() nun. in diameter pas.sos through a glass tubing 
drawn Vmt into a tine capillary, and fustnl round one end 
of the platinum wire which protrudes vt'ry sliLditly lieyond 
the point of fusion t the exploring (d<‘etro(h‘ is tdius in- 
sulated except at the protruded sharp point of the platinum 
wire'. The length of the capillary is about (] mm., just 
long enough to pass the experimental plant-organ trans- 
versely from one end to the other ; the average diannder 
»f the capillary is about 0*1 o mm. The other (md of the 
platinum wire comes out of the side of the tubing ami is 
'ed to one terminal of the galvanometer, the ottiei* being 
•onuected with an indilfereiit point in organ. The 

probe can be gradually pushed into the jilant-orgaii by 
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roljiHon of a screw head, one complete rotation causing 
forward inovenieiit throujifh 0*2 mm. (Fig. 175). 

Waund-refirtinn , — 1 have sliown tliat a prick acts as a 
mechanical stimiilns, and in normal excitable tissues induce^ 
an excitatory (diango of gal vanoiindric negativity. This 
wound-reaction increases with t]n‘ extent of the wound, 
and thi^ suddiuiness with which it is inflicted. On account 
of the. liiKMiess of the [)r()be, it insinuates itself into the 
tissiK^ rather than make any marked rupture; the prolx* 
again is introduced very gradually ; with these precautions 
th(' wound- n^act ion is found to be greatly reduced. Tlie 
immediate* elVect of tln^ prick is a negative deflection (»!* 
the galvanometer, which declint‘S and attains a steady value 
in tlu^ course of about 5 minut(*s. 

Kffrr.t of ivoioid on e.vcAl ability . — I have shewn (p. SI) that 
severe wound caused by transverse section induced a tempor- 
ary abolition of irritability in Miniosa, hut that the normal 
excitability was rostoiaMl in the course of an hour. A prick 
from a thick pin wtis sliown t(' depress timijiorarily tin* 
rate of growth, the normal rate being restored after an 
interval of 15 minutes (p. 202). In the case of geo-electric 
excitability, tin* d(‘pressing etl'ect o( tin* jiassage of tin* 
probe, I lind, to disapjiear in the course of about 10 
minutes. 

For a choice of i^xperimeiital material we have to find 
specimens which are not merely geotropically sensitive, but 
also exhibit larger t*lectric response under stimulus. In both 
these respects tlu* shoot of B ryophylluni and the flower 
stalk of Ny})ii)ha'a give good results. 

ELECTRIC EXPLORATION FOR (iEO-PERCEPTl VE LAYER BY 
MEANS OP THE PROBE. 

bhymrinieut 185 . — I shall now proceed to give a detailed 
account of the experiments. The first specimen employee 
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-as the shoot of Brynphulfnm, o\w contact made with 

tie side of the stem, and the other witli an inditVeivnt 
joint on the leaf which was always held verrical. In a 
I articular e\'i)erinient, the prolx* was introduced into the 
>;eni throuj^h ()-4 inin. and a iVehle i^al vanonietric lu'^rnti- 
ity was iuducaal as the wound-elfect. After an interval of 
.') minutes, this attained a steady vahn* of - 15 divisions. 
On the rotation of stem throuf^di +90'^, the point A was 
above and a very much lar^uu* deflection of - 8:j liivisions was 
.)l)tained. hein" the result of summation of wound and ^oo- 
electric ellects. On restoration of the t)lant to vcu’tical posi- 
lion the i^co-cdi'ctric ri'action disaj)peart‘d, lea\in.i^ the piu’sis- 
tiMit wound ri'action of - 15 divisions unchangiMl. Tin' triu^ 
L'co-cdectric reaction at a ])oint 0*1 nun. inside the st(‘m was 
iliuH-t)7 divisions which is the dillermua* l.xdween -82 and 
-15 divisions. I obtaiinnl in this mannm* the (^xcitatoiy 
reactions at diflerent layers of tln^ or^uni. ddie following 
table ^ives tru(5 valines of g(‘o-(d(‘ctric reaction at dilfiTent 
layers of the stem as the probe entered it by steps of 
11* I mm, 

T\iua-: \r,. — siiowini; tiik (jko-klfotrh’ iU':A<’rio\ .\r difkkrknt 

lUCl’IHS OF TIIK OROAX { Jh'f/ti/f/i t/l ! ii m). 

• i Position of tho ( i(M»-elcctric I'xc.itiitioii 

j })roho. (^al vanoinetrii' ii‘\L’ativil v). 

i Surfaoo ... - 5 divisions. 


0-4 

nun. 

... - 20 

1' 

0*8 

11 

... - 24 


1*2 


- 22 


l*t3 


... - 


2*0 


... - 14 

■1 

2*4 

11 

... - 10 

- 

2*S 

1* 

... — ~i 


3*2 

11 

~ 0 

11 


The results given abovti, typical of many others, show 
har there is a definite layer in the tissue which undergoes 
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inHxiiniini exoitMtion undc^r tho stiiniilus of {gravity, an<i 
t])at tills (excitation irradiati^s with diminishing intensity in 
radial directions inwards and outwards. 

The (/e()-i)eri‘f‘/ili re hiyer matj thuH he e.r^erimentalhf 
localised by oteasifriny the depUb of intrusion of the proh^ 
for fua.rimnni deflccHoa of ya! raivnnetrir neyativity, 

fjoralisution of yejrpercepi i re layer in Nyniplnra : 
E.rperinient IHfL — I employed tlu' same method for tin' 
didermi nation of lh(‘, ])(‘rceptive laym* of a ditfiTent organ 
naimdy, that of tln^ llower stalk of Nyniplnra. The electric 
reaction in Nym/di/ra^ ryrn undin* the iirevailing unfavmir- 
al)l(^ condition of the sieison, was moderately strong, being 
about thre(? t,im(‘S greaten* than in Jiryophylluni, A do/.en 
obsio'vations inad(^ with dilfiu’ent spt'cinunis gave very 
consistent r(‘sults of which the following may be taken 
as tyjiical. 'probe was in this cas(\ as in the last, 

moved by st(‘i)S of Ol mm. at a tijne. Otlun* (‘xaniples 
will be given later wheri‘ readings wen^ taken for successivi* 
steps of 0 ;2 mill. 



It will be seen that as in Bryjphyllutn, so in Xipupluvn 
the geo-eh^ctric excitation increased at first with increasin 
depth of the tissue till at a depth of 0*S mm. of the part- 
cular siiecimen the induced excitation attained a maxiinun 
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v ilue. Th(‘ excitatory elVoct then <lecliues till it vanialuMi 
:ii a depth of 2*4 inin. 

<lept}i of layer at which uiaximuin excitation takes 
place varies to some extent, accordiii‘.r to the thickness of 
tfie shoot. Thus while in a thin specimen of Brynphulhun 
.'ll) mm. in diameter tln^ ^eo-perct*ptive layer was found at 
a depth of 0*1) mm., it occurre<l at the Greater depth of 
()*S mm. in a thiok(‘r specimen, o mm. in diameter. In 
Xl/mpJKm also the perceptive layer was found at a depth 
of 0‘S mm. in a thin ami at a depth of 1*1 )nm. in a 
(hick spi^cimen. 

Having thus succeeded in localising the geo-pm'Ci^pti ve 
layer hy experimental nu'ans, it was now possible to exatnim* 
the anatomical characteristics of the layer hy (examining 
it iinder tht* miscroscoj)e. I also wished to find out from 
microscopic examination, the cause of certain dilferenGi‘8 
noticed in t\ie determinations of the peiaieptivo layer in 
Jiryophijlhim and in N jpnphiva. In the former the probe 
always encountered the maximally excited geo-perceptive 
layer from whichever point of the surface it entered the, 
organ ; tjiis indicated that the sensitive layer in HryophyB 
finn was continuous round the axis. In however, 

die probe occasionally missed the sensitive layer; but a 
new point of entry led to successful localisation of the 
perceptive layer ; this was probably due to the particular 
layer not being continuous but interrupted by certain gaps. 


MICROSCOPIC p:xamination of the maximally 
EXCITED LAYER. 


The specimens were taken out after the electric test, and 
e ^ansverse sections made at the radial line of the 
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of tho |)r()l)e. Thus in a particular oxpcriuKuil vvitli 


/iyjfnfjhffllutn 
was found to 
Hy nnuiiis of 


the point of maxinuim ‘jjeotropic excitation 
be at a ilistance of OvS mm. from the siirfac* . 
tln‘ inicromoter slide iu tiu* stage and ihn 
micrometer eye-j)iece, th*' 
internal layer ()‘S miii. 
from the surfaci* \v;is 
examined; the ]Kirticul:ii‘ 
sensitive layer S was n- 
cognised as ihe roNtinn- 
‘starch sheath’ or 
endodermis containin'.: 
unusually large sizi*<l 
starch grains (Fig. I7h). 
Th(‘S(‘ often occurred in 
loosely cohering grou[>s 
of (S to 10 ])articles, ami 
their apptuirance is very 
• lifferont from the snia I 

sized irregularly distributed grains in other cells. 



I'm. 17<>. -'PraMf^vei's-e si*<ti()n slmwitig luin- 
linuoiis f layer S: <Milarj;e(l view 

S' <»r cfll of o.Mdodeniiis contaiiiiii^^ group of 
large slHrcIi grains, (lin/ofiln/lhnu). 


Fxamination of tin* microscopic section of lluj flower 
stalk of Xj/'iN/ihfra sjiowe<l that the ^starch sheath’ was md 
continuous but occurred in creseeuts above, tlu* vascular 
bundles which are se|)arated from each other. The occasional 
failure of electric detection of the perceptive layer is thu.-^ 
due to the probt^ missing one of the crescents, which witii 
int(‘rvening gap.<, are arranged in a circhn 


I give below a iiumbe]* of experimental determinatio ^ 
of the geo-])erceptiv(* layer in dill'erent s])ecimens togeth ' 
with the micrometric measurement of the* distance of t:i' 
‘starch sheath’ from the surface, the transverse secti* i 
being made at the place where the probe entered the #h0'' • 
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Kiiirht (liHerent determiiuitioiis are iiiven, thret* tor Hrya- 
l>iijfUiWi and five tor Nifnijjlura. 

XLll. — SHOWINO 'IHK I'OSITION OK TIIK O K0-I'KR(’K1'T1 VF lAM'R AM* 


OK 

STARCJI SHEATlf ’ IN’ DIFKEHFA’T 

srK('lMFNS. 


Distane»' of 

!L:oo-p(*r(«*ptiv(‘ ! 

listam e of tho starch 1 

Spceiineii. 

hiv(*r from surface. 

shoal li from surface. | 





1 (Metlnxl of 

eleotric proho.) (M 

icroscopif! iiu'asiirciiKMit.)] 

llruoph ifllnm : 

(1) 

<!*(> mm. ... ' 

il‘f) mm. 


(2) 

O-H „ 

0*8 „ 


(;<) 

n-8 

0-8 „ 1 

Xj/mpha a : 

(*) 

0T» 

1 

o’t; „ 


(2) 

0-8 ... i 

0-8 „ ! 


(3) 

0-8 „ 

0-8 


(4) 

VO 

It) „ 


(O 

1-4 ,, 

1*4 „ 


I 


Thus ill all speciiiiens examiiUMl, th(‘ oxporinu^otall y 
<lt'(t'rinined ^eo-percopti vo layer coincided with ' starcli 

slieath.’ The tht^ory of statoliths thus obtains strong 

support from an independent lint* of ox[)erini(‘ntal invi^s- 
I illation. The statolithic tlieory has been adversely criti- 

cised because in simplei* organs the s^eotro])ic action takes 
place in the absence of statoliths. 'Phero is no doubt, that 
the weight of the ctdl contents may in certain cases be 
etVective in geotropic stimulation ; it may nevertheh^ss be 

tiue that “at a higher level of a<hiptation, tln^ geotropically 
J^cnsitive members of the plaiit-liody are furnish(Ml with 

'^P' Cial geotropic sense-organs — a striking instance of anato- 
a/fco-physiological division of labour.”* 

In the instances of Jhuf'yfhyllutti and Nyrttpha^u. givtui 
id.jove, the geo-perceptive layer localised by moans of the 
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eh*ctric pi*ob(^ is definitely found to be the endodermis C(ui- 
taining large si/.tid starch grains. 

INFLUENXM^ or SEASON ON GEO-ELECTRIC RESPONSE. 

I shall now deseribo certain modifications in respoiis •. 
which n‘Hnlt from the change of season and also from 
condition of high t“mperatnre. Physiological reactions, 
g(‘nerally speaking, are much alfected by different seasoim 
thus th(i seedlings of Srirpuff Kifsoor exhibit a very i*a]Mi| 
rate of growth of mm. })er hour in August, but .i 
month later the growth-rate declines to only 1 mm. jxr 
hour. I find similar depression of growth with the n I- 
vance of season iji seedlings of Zca ^fays, whert^ a ver\ 
ra])id fall in growth takes place in the course of a. fort- 
night. Tlu‘ intensity of gootropic responses, both mechanieMil 
and el(‘ctrical, of Tropcvolti/n declines rapidly in the cour^^i* 
of a month from P(d)ruary to Marcli (]). 151). The flower^ 
of Xf/in/jliffUi began to ap])ear by the end of Juiu‘ wlimi 

the flower stalks exhibited strong geo-electric response. lUii 
later in the season, by July and tln^ beginning of August, 
the response uudiu’went continuous decline, and by the eii»i 
of August the response was nearly abolishtal. 

Much time had to be spent in perfecting the a}>[)ai‘a- 
tus, and it was not rill the beginning oV Aiign^i 

that the investigations could be properly started ; th(‘ iv-- 
ponsive indications were, however, marked and definite, 
though relatively feeble compared to those obtained at tie 
beginning of the season. The decliiu^ of the geo-elect la' 
response was to a certain <‘xtent also due to the prevailiui: 
high ternperatun'. 

Effect of high tentj/erdtiirr, — 1 shall in the ixext chai< ar 
(h‘scribe experiments which show that gootropic respoi 
is diminished under rise of temperature. The specim ’’i" 

employed for localisation of geo-perceptive layer exhibit 

as stated before, a decline of geo-electric response 
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i1m‘ iidvance of tlic* season. This may partly Lu i\iw to 
uiiravourable season, and partly to liiirji toniperatnre. In 
[lie middle of tlie season tlie respons(‘s were exlrmiiely 
icelde on warm days, but on eool mornings (ln\v bt'eann* 
r,ii<ldenly enhanced, to dtciline oiict^ more by the middle 
ol’ the day. I could sometimes succet'd in enhancinj^^ 
the sensitivein‘ss by placing tin* sp(‘cimen in a cold 
chamber. It thus appeared that ci'idain internal cliangi* 
md'avoiirable for geo-perception takes [)lac*e a( high tem- 
jieratures, and that the sensitive condition couhl some- 
fiiiies l)e restored by artificial cooling. Ibit later in the 

season, ilu* inte-rnal change, whabn'm* it may be, had pro- 
ceeded too far, and artificial cooling did not restore the 
sensitiveness of (h(i sp(‘cimen. Wlnit jii'(5 the pliysico- 

chemical concomitants which distinguish iustmsilivt^ speci- 
m(‘ns, in which the el(3Ctric indications had (bitdined almost, 
to the vanishing poitit ? 

TEST OF INSENSITIVE SPEtUMENS. 

I shall now d 'scrilx' the various physico-chi^mical e.on- 
coinitants wliicli accompany the (amdition of r(‘hitive 

insensibility. I luive found threi^ diffenmt t(*sts : tin* eb^ctric, 
die geotropic, and the microscopic, by which tin* simsitive 

rould be Mistinguished from the insiuisitive condition. The 
tollowijig tests were made on insensilivt^ sixmimens. 

Klectric test: Experiment IS7. — lly the, (*nd of August 
the geo-electric iinJications given by the prohe had, as 

Elated before, almost disappeared. Tin* tonit; condition 
f't' the specimen, heloiv par, was independently revealcnl by 
fh‘* response to prick of the proln* ; tfiis, in vigorous 

•'P *cimens, is i>y an electric response of gal vauometric 
n egativity. But the response to prick , in sub-tonic 
specimens is very diU'erent. I lind that when the physio- 

h'gical condition of the tissue falls helniv par, the sign of 

I'sponse untlergoes a reversal into one of tjalvanmnxt rie 
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positivity. same reversal under condition of siib-toui- 

cil.y was also shown to take place in growth, where undt r 
the stimulus of light a positive acceleration took plae.\ 
instead of normal retardation of growth (p. 221). In Ihi' 
present investigation, the insensitive specimens were fouii l 
to give al)normal positive electric response to the stimulus 
of prick made hy the probe. The prick-etfect in fact often 
gave me previous indication as to the suitability of tin* 
particular spi^ciinen for exhibition of geo-electric response. 

Test of ycotropif' reacliov : Kt:pe}iment 1H8 , — I took four 
(lilferent sp(icimens of Bryojfhylltun and Nympha/a , and 
lieid them horizontal. These plant organs had, earlier iu 
the season, (nxhibited very strong geotropic (dfect, the sIhmk 
curving up through 90^ in the courses of Km hours or 
Hut these specimens otitaiued later in the S(‘ason oxliibittMl 
very feeble curvatun?, which hardly amounted to lt> 
degnu^s, even after prolonged expo^uia^ to gootropic action 
for 24 hours. 

'J'est of ?iii(:r(fscoj/ic e,nnninalion. — I ne.xt jnade sjctiini.s 
of Jiryophyltiun and Nymphu'd and on examiniiiLr 
them uiuler the microscope discovm-ed certain strikiiiLT 
changes. A fortnight ago the group of large starch grains 
stained with iodine were the most striking feature of tin 

starch sheath. But now these starch grains could not l)^’ 

found in any of the numerous specimens examined. Tli 
presence of the starch grains thus appears to ba associao' ; 
with the sensitiveness of (he perceptive layer. 

REACTION AT LOWER SIDE OF THE ORGAN. 

There remains now the important question of tl'' 

physiological change induced on the lower side of th 
horizontally laid shoot. The physiological reaction of t\N" 
sides of the organ must be different, since the upp*' 
side exhibits contraction and the lower side expai - 
sion. It may be urged that the effect ot one of tin 
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iwo sitles might result from the passive yielding to the 
-lelinite reaction induced on the opposite siile. Investigii- 
Mon ])y the electric method enables us, howevm-, to dis- 
criminate the two reactions from each other, sinc(* the 
electric response characteristic (»f the induced physiological 
clnuige takes plact^ in the organ, <‘ven under condition of 
restraint by which movement is prevented. We sliall tht‘re- 
fore investigate the geo-electrical reaction on the lower side 
of the socuiady held organ, and find out whether the 
induced electric cliange und(‘rgoes any viiriation in dilfer<*nt 
layers from hidow upwards. There are Iwr) did’enmt ways 
ill which the (dectric explorations of tlie lowin* side of the 
organ may he carried out. In the tirst method, the probe 
is introduc(?d from hidow, and successive launlings for g(‘o- 
eleciric responsi^ takmi as iln^ prolie eiuors the organ by 
successive steps. It is understood that Un^ true gt*otropie 
eHeet is found from din'ereiici* of gal vanoimdiu* readings 
ill vertical and horizontal positions. In the second 

m(‘thod, the jirohe is introduce(l from ai)ov(‘, and siiecasssive 
laaidings foi' the ri‘SponS(5 taken for <liireroiit positions of 
the prolie as it enters the organ from the iippm* side and 
comes out ultimately at the lowin’ side, d'his I shall (-all 
the METHOD OF THANSVEHSE PERF()H ATION. d’li!‘ intru- 
sion of *the probe on tfie upper side gi\es, as we liave s*‘eii, 
increasing negative*, deflection of the galvanometer wliiedi 
reaches a maximum at the pereeplive layer. Passage of the 
probe to still gri*ater depths give deflections whicii decline 
to Z(U'o, But when the probe eonies within the influenee 
of the perceptive layer of the mnliu’ side, the ehanrii^ 

indication, as we shall presently find, undergoes a reviTsal. 

ELECTRIC EXPLORATION OF THE LOWEJt STDE OF THE 

or(;an. 

I shall first describe the results obtained from the first 
method, the probe entering the organ from the lower side. 
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Exper intent ISO. — The investigation was carri(*(l oin 
with the stern of Ihnfnphtflfum^ and the Mower stalk of 
N prnpkiva. The probe was made to enter th(‘ organ through 
(1‘4 mm. an<l tlie g(M)-el(‘.etrie ell'ect found, on rotation of tli * 
Mower stalk of Npinplnm from the vertical to the horizontal, 
was a (hdlection of +M divisions of tln^ galvanometiu*. 77, 
rJtanfjf. indured at (he hnver aide by (/edro^jic sLitniilua is (hu^ 
(/alemunnetrii jiosifirittj^ indicative of enhancenicnt of tuiyor, 
find of e.tpfinsion. Iiitrusioji of the probe through 0*6 min. 
gave rise to an increased positive geo-electric response. 
4' hat the sign of eh^ctric response (h^rended on the relation 
of the sid(; of the organ to (he vertical lin(\s of gravity 
was demonstrated by alternate rotation of the plant thnmgh 
and-lK)^, the probe remaining at a deMnite position. 
Kotation through -flK) brought A above, and rocation 
through -MO' brought A below. When the probe was in 
(In^ np position the geo-electrie, response was negative, but 
when rotation through - IKi ’ brought it bJon^ the response 
became positive, 'fhus with an identical contact in the 
plant, the id(‘Ctric rosponst* underwmtt rorersal from 
negative to positive. This will be understood from tin* 
following table. 


tbilvaiioiuetcr dcllec- : ( lalvaiioiiieler (leMoetioii : 
tion : A above. ' A below. 

! 

- S divisions. | + 5 division'^. 

- If) „ j -f Kt 

It will thus be seen that physiological change induced 

at any point is inodiMod by its relation to vertical lines (d 

gravity. When the point is above, the induced change 

is neyative^ when below, the induced chang(‘ is positive. 

I shall next describe the variation of etfect at diMer' 

ent layers of the under side of the organ. 


04 nun. 
O’d nun. 


Position of tlu* prol)e 
inside the organ. 
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K.rperiment 100.— A complete set of l•ea(liIl^^s of tho 
^(M)-electric reactioii iit (liffen'iit layers of the or^an was 
liken, as the probe entered tin; lower sitle by siiecessive 
^teps of 0*2 mm. The followini' table .i»iv(‘s lln‘ results 
nhtained with a specimen of Niftnphud. 

TAIU.K XLllI. — Er,KcriUe KXri.OKATlON OF HI FKl'UFA'T LAYF.K^ o\ 'IHK 
HOWKK SlUK OK TIIK OR IAN {Numphd \). 


I 


osition of the 

(iah iiDoineter 

Position »>1‘ tin* 


prnhe. 

detlcctioii. 


dcih'cl ion. 

Surface 

1 

2 divisioii.s. 

1 ’0 linn. 

32 divisions. 

0 2 iimi. 

4 j i 

1-2 

10 

0-4 „ 

H 

ri „ 

12 

()•() 

U) ! 

rt) ,, 

4 „ 

OH „ 

20 „ j 

LH „ ... : 

0 ,, 

! 


It is thus seen that just as in the u])]ier so also in 
the lower side, the electric variation under^Mx^s at first an 
increase which attains a maximum; bi'yond this point the 
electric change urnlergoes a raj)i<l di'cline. Th(‘ induced 
electric change on the uppm* anti lower sitles are, howtwer, 
tlilferen;t» galvanonietric nfufati rit ij in tjut^ case and pirn- 
fivifif in tin* tither. 

The maximum galvan()metric neijftt i riUj of the u])j)er 
side was found to occur at the geo-p(‘rct‘pii ve lay<‘r. Wt^ 
may next inquire about the anatomical char’atdoristic of 
(he layer in the hrwm* sidi* of tin*, organ wliich tixhibits 
the maximum galvanoinetric pomhott p. Microscopic s(‘ction 
of the specimen employed in the above exjieriment showed 
the particular layer to bt^ the starch crescmit which lies 
above the vascular bundle. Thus the same geotropic layer* 
which when placed above shows the maximum galvanonnuric 
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vity, exhihit?^ maxiinuiu nositivity wlieii placed helow. 

METHOD OF TRANSVEUSE PERFORATION. 

h]j‘iterinietif 191. — I next carried out a conn)lete explora- 
tion of the interior of the origan along the diameter. Th<‘ 
probe started from the upper surface, and came out at 
the lower by successive ste])s t)f 0*2 mm., the correspotul- 
ing geo-electric effects being ol)serviMl at ea(di step. It lias 
to be borne in mind that the succv*ssive readings werr 
obtained by rotation from vertical to (A above); 

the rotation was never carried out in the negative direc- 
tion through -90°. Hut the probe (mt(n*ing from abovi* 
passed the central axis, and enteriMl a region where the 
galvanometric indication was transformed from negative to 
positive. d’he following table giv(*s tho results obtaineil 
with the (lower stalk of Xtj/nj/h(ni. 

TAMI.K XLIV. — SH()\V1N'«J TIIK INDIIOKU (’iKO-KLKeTIU C DISTUI MU'l'ION A(■1{()S^ 

tiik klowku stai.k ok Nffmphaa OliaiiK'tor - (VH imn.) 


P()>itioM of 

' 1 

( Jalvanoiiieter 

■ 

Position of 

( lal vanorrieti*r 

j)rolu’. 


(ietleetioii. i 

probe. 

«letlt*etii»n. 

Surface 

1 

- 1 0 «livi.''ioiis. 

8'(') nun. 

0 (Jivi^ion-. 

0-2 

niin. 


- 2(> 

8-8 

I) 

0*4 



- 40 , 

4*0 

0 ' „ 

o-i> 

1' 


- 50 „ 



+ 2 ., 

n-8 



- 02 

4*4 ... 

+ 4 

ri) 



- 72 

4’t; 

-f- 5 ,, 

1-2 



- 88 

4-8 

-j- 1 1 .. 

1-4 



- 108 

OM) 

'-b22 




- 72 

r>2 , 

+ 88 

i-s 



- 44 

o'4 ••• 

1+46 

2-0 



- 80 „ ! 

O’b 

i+39 „ 

2*2 



- 18 „ 1 

5’8 

i +82 

2*4 



- 10 

0*0 ,, 

:+24 „ 

2'() 



- .. 1 

o-i „ ... 

+ 18 ,, 

2*8 



- 2 ' 

6*4 ,, 

+ 12 

:po 


0 ,1 

0*0 „ 

+ f> 

a*2 



0 

(PH ... , 

1+3 M 

8*4 

,, 


! 0 -1 . ' 


1 
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A curw^- constructed from the data ^dvioi ahovt' is seen 
in figure 177. The diameter of the (lower stalk wnis 
(i*S mm. The m'gative geo-electric rt'arti(Mi is seen w 
undergo an increase till it attains a climax at tlie dejuli 
of T4 mm. It then umlergoes a continuous diminution 
till it beconu's zero at the deptli of d mm.; this lumiral 
zone extends through 1 mni. V\‘hen the pndx* enters a 
depth of 4*12 mm. measured from the u])per sid(‘, it imters 
a region alVectcMl by tlu‘ percc^ptive layer situated on the 
under side, the oj)posite ])hysiological reaction being indicat- 
ed by induced (‘U'ctric change of galvanonnd rie positivity. 



Ki-. 177. Pie I 

Pl,;_ 177. rurvf r.f «r,.()-,.l(_.ciri,- rxfitat i(»n in <litU-n-ii! hivci.'uf X'/iiifjloiff. Ordi- 

:iat(" H ri*’ ; ahscii'^'H. Ui'^taiict- t'rnrn ii[i| <'i’ ‘'Uri.icc flower 

stalk. The (lia.irraiiiuial ic H-ctioii imdrriaiat h th<- pr..-,ii ion ot’ vt o-i)fic**iil i\'- 

layer (starcli-sheatli) corryspoiMliii'j t(» ina.vimiirn iiidiicr I ic ;ir<_',0 ivit.\ 

and positivity on the two si‘k>. 

Fift. 17S,—Thf‘ curve of <r«*(i-fMf*rtrk f.voitatioii m aitfcirre la\ci ' fh' />'///o/;//y '/////. 

This positivity reaches a climax at a deptli of iri rnm. 
measured from tin* uppt^r si^le^ and 1’4 mm. when measurefl 
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Iroui (h(‘ lower side. The points of maximum positivity 
and net^oitivity are situaled symmetrically on the opposite 
sid ‘S of the or^'an. The eleetric variation of niavimiim 
l)oHitivity on the lower sid(‘ is comparatively f(‘el)le, h‘ss 
than half I in* corrospoiidiiii' inaximnni nof'ativity on the 
uj)per side. Microscopic section showed that the <^eo- 
])er(;:‘pti ve lay(*rs were the same as tlio starch-crescents. 

hlrimrimrtd If )^. — I carried out similar experiments with 
the shoot of lirf/d/ihifllutn. The results are j^iveti in 
Table XLV; the curve of the electric distribution alonj^ tin* 
diamet(u* is seen in tigur^* 178. The characteristics of this 
curve art‘ the sann* as that of Nt/mphrm. The maximum 
galvanometric negativity occurred at the depth of ()*tl mm., 
and of positivity at a corresponding point on tlie opposite 
side. 


TAlUj!) XI.V. -S110\MN(J INDiajKl) ({KO-KLKCTHie Dl STHI HUTION ACUOSS TIIK 
STK.t; or Bnjophtjllum (diameter iPli nun.). 


position of 

(lalvanoinetric 

P<>sition of 

(Jidvam>nH*lri< 

prolM>. 

dclli'ction. 

pr 

)he. 

d(*ll(‘(.‘tion. 
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Microscopic examination showed that the (dectric maxima 
in Bryophiflluiii coincided with the diametrically opposite 
points in the continuous endodermic ring. In Br}foj)hjflhi7}i 
as in Nympluva, the excitatory galvanometric negativity 
the upper geo-perceptive layer is greater than the induced 
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pOvSitivity of the lower layer in the ratio of about 
2 : 1. But ill a depressed condition of tlu^ tissue, the 
('xcitatory roaetion is the first to disappear and the positive 
reaction ])ersists, thou^li with diminished intensity. 

ddie geo-electrie (listrihution in vigorous spt'einnms semns 
lO indicate that under the stimulus of i^ravity a marki'd 
excitatory reaction (contraction) takes placi* in tlie layer 
of cells conti^mous to the upper iteo-perceptive layer, and 
a less marked positive nviction (expansion") occurs in layers 
contiii;uous to the lower perceptive layi‘r. 

It is remarkal)l(‘ that physiological reaction of oppositij 
kinds should occur on tht‘ upper and lower sid(‘s of an 
organ under tin* identical stimulus of gravity. Tlie 
diti’erence of ri^action may conceivably 1x5 connected with 
the fact that the vertical lines of gravity enter by the 
upper, and leave by the lowm* side of thi‘ organ. The, 
statolithic ])arlicles rest on the ininn* tangential walls of 
the pi‘rceptiv(5 cells of the uppm* laytU*, and on the outm’ 
tangential walls of the low(*r layer. Similar dill'ereinte of 
physiological reactions of a polar charactin* are also known 
in rc'sponses of plants under the action of an identical 
electric current; here with dillerent ionic distributions, 

t 

contraction takes phice at lln‘ kathode, and .expansion at 
the anode. 

The geo-electric reactions that have been <lescribed weia^ 
obtained under unfavourable conditione of climate and of 
temperature. But under better conditions tin* reaction 
becomes very greatly enhanced, as would appear from 
the following account of results which T obtained 
on two separate occasions in the beginning of August. 
The season had not become (juite as unfavourable as 
towards the end of the month, but the prevailing sultry 
weather had caused great depression of the geo-electric 
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V. On tlio first occasion referred to, tlinnderstorni 
had ])rok«ni out at ni^'ht, and it was refroahinj^ly cool 
in the rnoniin^. It was with the utmost surprise that I 
noted tlie astonishintir violence of the "eo-electric response 
which the phmts ijjave that iiiorninj^^ : the maximum res- 
ponses hith(‘rto ohtainetl was about 100 divisions of the 
^ui! vanointe.r scah^ ; hut on the. present occasion the displace- 
ment of tlu‘ j)lanl, from vertical to horizontal ])Osition, 
induced r(‘Sj)onsi v(^ d(‘fle(;tion so i^reat that the vaiiometer 
spot of liLtlit Hew off tlui scale of 11,000 divisions. I was 
at lifst incr(M| ulons of the results and wasted the valuable 
occasion in tryiiiLt to disetover som(‘ hiddtm source of i‘rror. 
SubH(Mjuent tests show(Ml that my misiifi vinj^ts were groiindh^ss, 
and that the (*xtraordinarv large defb'ction was really due 
to giM)-el(‘c.tric la'acliofi. On the S(‘Cond favourable occasion, 
whi(di last(Ml for three hours (during th(‘ cool hours of 
th(‘ morning), I was able to S(‘c,un^ a numlxu’ of important 
observations. 'Phus displacement of the flower stalk of 
N unipUiva through -bHO- w'as imnuMliandy follow(‘d by 
g 'o-ehuH ri(; re sponse, tlu^ (b'lleclion being about d,0(M) 
divisions of the scale. 'Pln^ latent period hardly exciankMl 
a Sc'coiid ; the return of th(‘ plant to the vertical ])Osition was 
(juiclvly followed by electric r(*covm*y which was coni[)let(^. 
The abova* ri‘sults were obtaiiunl with tln> same specimen 
time after time witlmut a singh* failure. 'Pin' successive 
res[)onses showed no sign of fatigue. Anotln'r remarkable 
effect was noticed during gradual increase of the angle of 
inclination. Nothing happened till a critical angle was 
reached, which was rtuighly estimated to be about 
win'll this critical angle was exceeded by a single degree, 
iheri' was a sudden preci[)itation of gtm-electric response. 
'Phe expi'rimenis wi're repeated time after time with the 
iih'ntical n'sult. It appeared as if some frictional resis- 
tance ol)striicte'l the displacement of the geotropic particles 
accumulated at the basal end of the cell, and it was not 
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rill the organ had been tilted beyond :’,:P that this resis- 
tance to sliding was overcome. 


StTMM ARY. 

The electric distribution induced in an organ undm* 
the stimulus of gravity may be mappi*d out by mt'ans of 
an exploring Electric. lb*o)H\ 

The induced galvanonudric iiegativiiy of the upper side 
of an organ (indicative^ of excitation) undergoes varia- 
tion in diH\‘rent laym's of t.lu‘ organ. The (‘xcitatory 
reaction attains a maximum valm‘ at a deiinitt^ layer, 
beyond which then‘ is a d(‘cline. 

The g(‘o-per(a‘ptive hiyer is e.xjnuimenltilly localised by 
measuring the d(‘pth of intrusion of the probe for 
maximum <le(l(*ction of galvanoitndric negativity. 

'rhe gt‘0-p(‘rcepti v(‘ layer thus determiiuMl is found to 
be the st*,irch slusitli which contains a number of 
large-sized starch grains. 

The power of geo-])erc(^ption umhu'goes s<‘asonal varia- 
tion. It is also lowertul by high tempi*rat ure. 

* 

The geo-electric response undergoes <hudine with grow- 
ing sub-tonicity of tlie specimen ; such specimens (exhibit 
abnormal positive electric resi)onse und(‘r thi‘ stimulus of 
prick and f(*eble curvature under geotropic stimulus. The 
large-sized starch-grains, normally observed in tin; endo- 
dermis, are found to disappear in specimens which have 
becotm* geo-(;lectrically insensiti v<‘. 

The electric respons(‘ of tin* low(*r sidt* ol tln^ organ 
to gravitational stimulus is of opposite sign to that ol 
the upper si^le. The electric distribution on the, lower 
side exhibits variations in different layers, the maximum 
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positivity oc(iuiTin,i» iit the perceptive layer. In vigorous 
sp(‘ciiii(uis tiie excitatory negative electric change on tin 
upper side is greater than the positive (dectric change on 
tin* lower side. Di'pressed condition of the tissue is attend- 
ed by a relatively grcuittu* decline of the negative in 
comparison with tln^ positives 

The indue.ed eh^ctric variation on the upper and on 
tlie lovver sidt* indicates that the layers of tissue contiguous 
to the upper p(irc(‘i)ti v(i layer undergoes contraction, whih‘ 
those cofitiguous to tluj lower perceptive layer undergoes 
expansion. 



XJJV.— ON (iKOTKOino TORSION 
/>// 

SIR . 1 . (\ Rosi:, 

Assishul hff 

(tURUprasann A Das. 

I HAVK explaiiu^d that in a <lorsi vmil ral lateral 

application of various Hfiinuli induces a responsive torsi(ui 
by which the less e\cital)le side is inad(‘ to fac^e i.lie sli- 
inuhis (p. 401)). I shall in this chaptiu- show that tln‘ 
ellVct of stimulus of gravity is in (*very respect similar to 
oth(*r forms of stimulation. 

The direction of force of i^ravity is lixed, and wt‘ have 
to arrange nuitters in sucdi ti way ihit tht‘ jj^eauropit*, sti- 



b’FG. 17 tt. — Diat^ram ot sirratigeraeuL for torsional respormo inidor tropic 
The leas excitable upper half of pulvitnis is, in ine above figure, to 
:he left and the torsional response is clockwise 

muliis should act on ihe dorsiventral organ in a lateral 
lirection. In the following evpioiineuts the pulvinus of 

37 
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Mimosa is taken as the typical dorsiventral organ. F'.r 
leitoral stiiimlatioii, the plant is placed on its sid.*, 
00 that the vertical lines of gravity impinge on oi<r 
of the two flanks of the organ. In regard to this, 1 
shall distinguish two diflerent positions, a and 5. In 
a-jmition, the apex of the stein and the upper half of th.* 
pulviniis are to the left of the ohs3rver, and in b-pDsl- 
lioHy the apex of the stein and the less excitable upprr 
half of the pnlviniis are to the right. The arrangeiuoMt 

for obtaining record of the torsional response under 
is shown in ligun^lTlb 

'Torftiintal refiiKnise in a- and : Kr/n>ritnnil 

ins . — When the leaf is in a-position, the geotropic bu*- 
sion is found to \)i) with the movement of the hands of 
a clock. In the h-piMion, on the other hand, the tor- 
sion is against the hands of a clock. In both these cases , 
the pfuitropir faraion mahtiii the e.rcifahte uppe?' half of 
the patninus face the vertical lines of </ranitp. The in- 
cident stimulus is vertical, and it is the upper flank, con- 
sisting of the upper and lower halves of the pulvinus (on 
which the vertical lines of gravity impinge) that under- 
goes elfective stimulation. 

Alyehraicat sumniatio?/ of geotrojAir and jdiototrojnc effects: 
hJjperiinoit 11)4 , — We are, however, able to adduce further 
tests in confirmation of the above. If the direction of tie- 
incident geotropic stimulus is vertical, and should it 
act more effectively on the upper flank, it follows tlnit 
stimulus of light acting from above would enhance tl) - 
previous torsional response due to geotropisin. In the abo\' 
case, the lines of gravity and the rays of light coincide. Th 
effect of rays of light acting from below should, on th 
other hand, oppose the geotropic torsion. The additiv 
effect of stimulus of light and gravity is seen illustrate* 
in figure ISO. The first part of the curve is the record o. 
pure geotropic torsional movement. Light from above i' 
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. plied at L : the rate of movement is seen to become 
jreatly enhanced. Light is next cut off. and the en- 
i :inced rate induced by it is also found to disappear, the 
sponse-curve being now due solely to gt‘otropic action. 
Tlu‘ elfect of geotropism in opposition to })hototropism 
will be found in the following ex])eriments, where the 
opposing action of light of different intensities is seen to 
^Mve rise to a partial, to an exact, or to an over-balance. 

HALANCK OF (JKOTROPIC BY PHOTOTUOPIC ACTION. 

Phofo-(/e()tropir hdlancr : hj.rjH'rijnent /.9o.—I shall here 
(Inscribe in detail the ])rocedur(‘ for obtaining an t^xaet 
lia lance. A parallel beam of light from a small arc lam]) is 
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Fi(?. ISO. Fia. 181. 

Fk;. 180 . — AdOitive elFt!Ct of stimulus of gravity 0 , and of lij'lif. L. Ap. 
licatiou of light at— L iiicre.ieoH torsional lo.^ponse. Ilernoval light rcstorcf^ 

' iginal geotropic torsion. 

Fk;. isl. — .Algebraical suiiimation of geotropic ami phofotropic actions Light 
oplied below at — L, opposes gMotroph* action. Cesration < f light restore" geo- 
lopic torsion. Cessation of light is indicatcMl by I. within a circle. 

'efiected by means of an inclined mirror, so as to act on the 
iUilvinus below. An iris diaphragm regulates the intensity 

37 .V 
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of incident light. The first part of the curve is the recoil 
of geotropic torsional movement. Light of a given inton- 
sity was applied below at a point marked - L (Fig. LSI) 
this is S(‘(»n to produce an over-balance, the ph()totroj>i( 
effect being slightly in excess. The intensity of inciden 
light was continuously diminished by regulation (d* the dia 
phragni till an exact balance was obtained as seen in th< 
horizontal part of the record. It is with great surpris« 
that one comes to realise th(^ fact that the effect of om 
form of stimulus can be so exactly balanced by that o 
another, so entirely different, and that the stimulus ol 
gravity could be measured, as it were, iii candh* powers ol 
light! After securing the balance, light was cut otf 
and the g(U)tropic torsion became ronew(Ml on tln^ cessatioi 
of the counteracting phototropic action. 

Coni 2 )aratiVH halanchuj effects of white and red tu/hts . 

196 , — White light was at first applied at - J. ir 
op])Osition to geotropic movement. The intensity of light 
was stronger than what was necessary for exact balance, 
and its (dfect was at first to retard and then re verst 
the torsional rcs[»onse due to geotropism. When thus over- 
balanced, red glass wa^ 
interposed on the path 
of light at R! As tin 
phototropic effect ol 
this light is feebh 
or absent, the geo- 
tropic torsion becann 
predominant as seen ii: 
the subse(iuent up 
curve. The red glas 
was next removed sub 
stituting white light af 
,-L to act once more in opposition; the result is seen iii 
the final over-balance, and reversal of torsion (Fig. 182), 
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b'ic. IS‘2.— Application of white li‘(ht at — L in 
opposition causes reversal of torsion. Ue<l 
lit^ht U, is inetfcctive, ami geotropic torsion is 
restored. ReappUcat.ion of w'hite light causes 
(jiice more tlie reversal of toi>ion. 



GKOTROPIC torsion 


Kffect of coal f/as ttn fhe haUmco : Harper I nient Hn . — 
The method of l)alance described above opens out new 
possibilities in regard to investigations on the relative modi- 
fications of geotropic and phototropic excitabilitios by a 
;iven external change. Traces of coal gas are known to 
■iihance the photofcropic excitability of an organ while 
•ontinued absence of oxygen is found to depn'ss it. 'riie 
xperiment 1 am going to descrilx^ shows: (!) the enhanc(‘- 
fiient of phototropic excitability on the introdncfion of coal 
,ras, and (2) the depressing effect of excess of coal gas ami of 
lie absence of oxygen. After obtaining tln‘ normal curvi* 
)f geotropic torsion, light was a})plied ladow at-L, and 
•xact balance was obtained in the coiirs(‘ of* two ininutt^s as 
H'en in tlu^ top of (he curve becoming horizontal. (^)al 

gas was now iidrodmu’d 
in tin* plant-chamber at 
This inducaMl an tm- 
hanc(unent of phototropic 
(‘Ifect with resulting 
over-balance seen in the 
reversal of torsion. This 
enhanccmient ])ersist('d for 
more than thr»‘e minutes. 
By this time the plant- 
chamber was completed y 

Kko 18:3.— Mffcc: i)f roiil gas on photo i , *, 

hlled With coal gas, and 


Kko 18:3. — Mffcc: of coal gas on photo i , , 

. ^ , ,, • . tilled With coal gas, and 

:''>nopic balance. (icotropio torsion, (r, is 

•\ ‘.ftly balanced by opposing action of light the resulting d(*pri\Ssion oj 
1- Application of coal ga.^ at (\ at first phototropic action is Seim 
—.<1 enhancement of pln.lotropic ne.ion Second tipscl of 

'■ !i resulting reversal. Prolonged applica- 

I 1 induced depression of phototropic re- the balance, this tillU^ ill 
ion, geotropic action thus becoming favour of geotropic tor- 

I I- dominant. (Fig. 183). It would 

“m that the cells which respond to light are situate<l 
u- arer the surface of the organ than those which react to 
t'fotropic stimulus. Hence an agent which acts on the organ 
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from outside, induces phototropic change earlier tha.. 
variation in geotropism. 


SUMMARY. 

Under lateral action of geotropic stimulus, a dorsiven- 
tral organ undergoes torsional response by which the le.s> 
excitable half of the organ is made to face the stimulus. 

The direction of incident geotropic stimulus is the saim‘ 
as the direction of vertical lines of gravity. Under geo- 
tropic stimulus it is the upper side of the organ that 
undergoes effective stimulation. 

The (dfects of gravity and of light become alge))rai- 
cally summated under their simultaneous action. Light may 
be made to act in opposition to the stimulus of gravity. 
By suitable adjustnumt of the intensity of light, tlie two 
torsions become exactly balanced. 

This state of balance is upset by any slight variation in 
one of the opposing stimuli. 

The relative iiKMlification of geolropic and phototropir 
excitabilities by an external agent, is determined by tin- 
resulting upset of the photo-geotropic balanct*. 



X L V. — ON Tu K raio-( ; ko'J' i m ) p i s m 

Sir , 1 . (\ Hosr. 


I SHALL ill thii^ chapter invest ii^ate the elVoet of variu- 
iioii oF temperature on g(M)trnpic response. We have to 
l ear in mind in this connection, that for tlie exhibition of 
u^‘otropic ciirvatnrt‘ two conditions are in^ces.-ary : (1) tin* 

l>res(‘iice of a perci^ptive organ to undergo excitation uiuh*!- 
ihe stimulus of gravity, and (2) ilie nioiiliiy of the 
organ. A motile organ, including both tin* pulvinatijd and 
growing, will exhibit no geotropic ellect on account of tin*. 
' 'lepression of the power of percieption througli s(*asonal or 
other changes, or in the entire ahsenei* of the })(‘rc(‘ptive 
organ The organ may, on the other hand, p( ss(‘ss (lie 
geo-peret*ptive apparatus, l)ut no visibh* inovj'iuenl can take 
place ill tin* absence of motility of tln^ tissue. 

As regards the modifying influence of lempiU'aturt^ on 
gontropic curvature, the t'lrect will (h‘peud on two factors: 

( I ) the intluence of variati<ni of temperaturo, <ui g(*o- 
p(*iC(*ption by the sensitive layer, and 
(2) the modifying elTect of irin})i*iature variation on 
the motile reaction. 

I have in Chapter XJJll a<lduced facts wliich ap]K‘ar to 
"how that the power of geo-peree}jtion declines at higli 
:<‘rriperatures. As regards motile reaction, we have seen 
dial in Mimosa it increases from a niininiuin to an 
'ptimuin temperature beyond which there is a depression 
p. of)). As the optimum temperature* for geo-percoption 
> not necessarily the same as that for responsive eiirva- 
ure, the ri*sult is likely to be very complt*x. 
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The case becomes siinph‘r after the attaiiiiiieiit of 
maximum curvature. Enhanced temperature has a ten- 
dency to diminish the tropic curvature, as we found in 
the arrest and reversal of phototropic curvature under the 
application of warmth (p. iVXV) ; it appears as if rise 
of temperature induced a relatively ‘greater expansion of 
tlie contracteil side of the origan. 

I shall now describe the effect of rising temperature on 
^^eotropic curv:iture in general, including torsion. A horizon- 
tally laid shoot curv(‘s upwards uiuhu’ geotropic action ; 
a dorsiventral organ, owing to the difftTeiitial excitabi- 
lities of its upper and lower sides, places itself in the 
so-called <lia-geotropic position. A dorsiventral organ, more- 
over, (‘xhibits a torsi(mal movimient under lateral stimulus 
of gravity. 

In the geotropic movements we are able, as stated before, 
to distinguish thrt'e ditferent phases (cf. Fig. 161). In tlm 
first, the movenumt initiated undergoes an increase ; in the 
second, the rate of movement b(‘Comes mori' .or h^ss uni- 
form ; and in the last phas<?, a balance takes place 
betwt*en the tropic reaction, and the increasing resistance 
of tlie curved or twisted organ to further distortion. 

Tlie question now arises whether this posHion of 
geotropic (‘quilibrium is permanent, or whether it undergoes 
modification in a definite way by variation of temperature. 
I shall proceed to show that the }>osition of equilibrium 
undergoes a change in one <lirection by a rise, and in the 
opposite direction by a fall of temperature. I shall ush 
the term ihenno-ijnfitropisni as a convenient phrase to 
indicate the elfect of temperature in modification of 
geotropic curvature and torsion. 

I shall first deal with the effect of variation of tem- 
perature on geotropic torsion. Under the continued action 
of stimulus of gravity the torsion increases till it reaches 
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a limit ; for the twisted i)r»j:an resists turtlier distortion 
and a balance is struck when the twistint^ and untwist- 
ing forces are equal and opposite. In tins state of 
eciuilibrium the eti’ect of an external agent, say of varia- 
tion of temperature, will bring about an upst‘t of the 
balance. The torsion will he inenuised if t lu‘ (‘xttTuai agent 
iniluces an enhancement of geotropic action ; it will, 
on tin* other Inind, b(‘ decroased when it ind net's a 
diminished reaction. 


A physical analogy will mako 



Fio. 181 . — Maf'iift M (iettcfiioii of t lie 

nwlle /i -s siiapcnded by :i thin u in*. Iiick hm* 
‘>f magnetiaatica of M iiicrua'-es doiiootioii, wliilo 
decrease of magnet isjii ion diii)ini''lie- tin* 
defection. 


this point clear; imagine 
a small magntuic nt'edle 
suspc‘ntl(‘<l by a thin 
wire : the (‘arth’s directive 
foriM' is supposed to be 
annulh'd by the well 
known devicti of a com- 
p(*nsating magm't. A 
s(‘(a)nd ;ind larg(‘r magnet 
M is now plaetnl at right 
angles (o tin* suspendtxl 
needle ; N will rt'pel ?/ 
and attract ti, and a 
delh'ction will he pro- 
diua'd, the detlecting 
forta* of the magnet M 
hoing halaiKied hy the 
forc(' of torsion of sns- 
p(‘nding wire fFig. 1S4). 


The state of equilibrium will lio weaver he disturbed hy 
variation of the magnetic force of M. It is known that 
a rise of temperature ilimiiiishes magnetisation while 
lowering of temperature increases it. Henee the detlecting 
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force of tho magnet will be liiminiHhed under rise of 
temperature with concomitant diminution of deflection of 
the needle and the torsion of the wire. Fall of tempera- 
ture, on the otlier hand, will cause an increase of deflec- 
tion and of torsion. The physical illustration given al)Ov(‘ 
will help us to umlerstand how the physiological ellect 
of variation of temperature may l)ring about changes in 
geotropic curvature and torsion. 

TKOPtC KtiUrLIRRKJM UNDER VARVIN'U INTENSITIES OF 
STIMULUS. 

The following experiment will siiow that the })osition 
of tropic e(|uilil)riuiu is not fixed but subject to variation 
under changes of efl(‘ctive stimulation. 

Kj‘iirrl7)ient lUH . — I have explained liow a maximum 
troj)ic curvature is induc(‘d under continued action of light. 
Finploying th(^ })ulviiius of Krythrina indiai 1 ai>plied 
light on the upper half of th(‘ pulviiius : (1) of metlium 
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Fui. I8r>, — Ellect of variation of intensity of lij'ht on photot iH)i>ic ecpulibrinm. 
Increase of intensity of light from L to pro<luces :in incn'ased positive cur- 

vature ami a new state of balance. Diininishe<l intensity of light / brings alioiit 
a new balance at a lower level. The cessation of light. U vvithin a circle) 
restores the iioinial position of the organ. 


intensity L, (2) of strong intensity T.\ and of feeble 

intensity /. The source of light was an arc lamp ; lie 
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intensity of was varied by means of a focussing' lens, 

which s?ave a parallel, a convergent or a divergeni h(*ain, 
with corresponding increase or diminution of inttnisity of 
light. Light was in each case continued till eijuilihriuin 
was reached. Inspection of figure LSo shows that the 
position of equilibrium depends on the intensity of stimu- 
lation; the balance is ‘ rais(‘d ’ under increased and ‘lowered’ 
under decreased inteiisity. 

In tlie ease of geotropism the stimulus is constant, 
hut its tropic effect, we shall presently see, uiidergo(*s 
variation with changing temperature. 

EFFECT OF VARIATION OF TEMPERATE RE ON OEOTUOPK’ 

TORSION. 

M()(lijir(tti(}h of (jeolvoitic torsion : K.rprrinuint VM.- 'flu' 
M'i)Hosa jdant was j)laced on its side, so that tin* pul- 
vinus was subjt^cted to lateral geotro})ic action. In responst^ 
to this it underwent torsion, the upj)er h;df of the jmlvinus 
tending to place itself so as to fact* the vi‘rtical lines id’ 
gravity. This torsional roponst* was rtconh'd as an np- 
movement ; on tin* attainment of e(|uilibrumi tin*- record 
h(‘came horizontal, 'riie plant was no\v subj(*(Ued to a 

cyclic variation of temperature, and the resulting variation 
of torsion recorded at the same time. The temperature of 
the plant chamber was gradually raised from the normal 
lilP to 1)4^ (h and then allowed to return to tln3 normal : 
finally the tem])erature was lowered to Ki.se of 

temj)eratnre was effected by means iT an electrical heater 
placed inside the chamber with a vessel ol. water placed 
above it. Care has to be taken that the rist* ot tcmjicr- 

ature is gradual, since a sudden variation ofti'ii acts as a 

stimulus. d^he W’ater in the vessel Jiot only ke(3ps the 

chamber in a humid condition hut also prevents sudden 
tlnctnation of teinperatnn*. Alter ilie i(*injK?rature had been 
raised to M C., the heating currtm was s(oppi*d and the* 
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door of the plain chamber ^jfra<lually opened, so as to allow 
the temperature to be restored to the normal. Cooled air 
was next introduced into the chamber till the temperature 

fell to 26 C. Fij<ure 186 
exhibits clearly the effect 
of variation of tempera- 
ture on geotropic torsion. 
The inaxiiiiuin torsion had 
been attained at H()°C. 
and the tirst part of the 
record is therefore hori- 
zontal. Warmth was ap- 
plied at H, and after a 
latent period of ten 
minutes, the geotropic 
torsion underwent a con- 
tinuous diminution till a 
new state of equilibrium 
was reached at 1)4^0. This 
took place shoi*Hy after 
the stoppage of the heat- 
ing current at (II). On return to normal temperature the 
torsional balance was restored to iis original position of 
equilibrium. Application of cold at C, is seen to Jiring 
about a new state of balance with an increase of geotropic 
torsion. 

Tln^ })osition of geotropic e(pii librium is thus seen to be 
modified by variation of temperature, tin* tropic ellect 
being diminished with the rise, and enhanced with the fall 
of temperature. 

It may he thought that the phenomenon just described 
may not be different from ordinary thermonasty, exhi- 
bited by the perianth leaves of Crocus and Tulip in which 
a rise of temperature induces a movement of unfolding, 
and a fall of temperature brings about the opposite move- 


H 

c 




FliJ. 18(». — KiHVot, of variation of lempera- 
tnre on geotropic loraioii. Application of 
warinMi at li diminislK"; the geotropic tor* 
si»ni : return to iionnal temperature (H) 
riistores the original torsion ; eooling at C, 
InereasoK the gootropie lorshui. 
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ment of closure. In these cases the iiioveiiient is deter- 
mined solely by the natural anisotropy of the organ, and 
not by the paratonic action of a dir(‘eti vt‘ t‘xteinal forei*. 
Thus the inner side of the perianth leaves undiTgoes an 
expansion with rise of temperature attendtui by tlie o|)en- 
ing of the flower; this movomeni of opening does not 
undergo any change on holding the Hower in an inverted 
position. 

But the torsional movement of the h‘af of ami 

the induced variation of torsion undtu* changt* of teinpiua- 
Mire are not solely determined by the natural anistropy of 
the organ ; it is, on the contrary, regulat(*(| by th(‘ direir- 
live action of the stimulus of gravity, 'riie [)ulvinus in 
normal position does not exhibit any geotropic torsion and 
in the absence of a»i antecedent torsion chang(‘ of t(‘ini)era- 
ture cannot induce any variation in it. It is only after 
the pulvinus had become torsiom‘d under tht‘ latiu’al ae-tiou 
of geotropic stimulus that a r(‘sponsive variation is induced 
in it by the action of changitig temperature. 

The change in torsion is, moreover, (htcuunined in 
reference to the paratonic action of incident geotropic 
stimulus. This will he clearly umhu’stood from the tabular 
statement given below. 


TABtK XIA’I. — SMUWINCJ TIIK El'KKrT OK RISE uK IKMIKRAIKRE oN 
(JEOTKOnr rOFl>lON. 


Position of t^-e organ.' (hM)tropir 

i Right Hank above : Right-handed toision. 
I (a) position. 

heft flank above : I.eft-hamled torsion. 

I (h) positiof). ; 


EflVet (if rise («f 
teiMperatnre. 

Left Innded torsional 
movement (untwist). 
Higlit-iiari(Jed torsional 
movement (untwist). 

1 


By right flank in the above table is meant the side of 
the pulvinus to the right of the observer facing the leaf 
of the plant held in the normal position. When the plant 
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is liiid on its left side in the a-position, the risrht flank 
will be above and the responsive torsion under ^u*otropic 
stininlus becomes right handed or with the hands of a 
clock ((!f. Fig. ]71i). When the plant is laid on its right side, 
th(5 left Hank will be above and the geotropic torsion 
becomes left handed or against the hands of the clock. 

It will 1)0 se(m from the above that in what(‘ver way 
the ex])erimental condition may be varied, the jnovement 
in r(‘8ponse to variation of temperature is determined in 
relation to the antecedent geotropic torsion. The geotropie 
etfect whetln^r left-handed or right-handed torsion is always 
diminished by the rise of temperature, and enhanced by 
the fall of t(un))erature. 

VARIATION OF APO-(JKOTHOPIC CURVATURE UNDER 
THERMAL CHANCE. 

I shall now proceed to show that variation of temper- 
atun^ not merely induces variation of geotropic torsion but 
also of geotropie curvature. I shall first demonstrate the 
effect of thermal change on geotropie curvatwre of the 
shoot, and then demonstrate its eifect on dia-geotro})i(*. cur- 
vature of leaves. 

Fj.rper\me)d 200 . — A specimen of Tn^invnln.m 
grown in a small Hower pot, is laid on its side. •Under 
geotropie action tin* shoot becomes curved, the upper sid(‘ 
becoming concavi* and the lower sid(‘ convex. The end of 
the stem is attached to the recording apparatus : when 
the plant is subjected to a rise of temperature, the move- 
ment induced shows that the geotropie etfect has undergone 
a diminution, the curvature exhibiting a flattening; lowering 
of temperature, on the other hand, increases the geotropie 
curvature. Other instances of this will be found in a subse- 
quent chapter. The diurnal movement of the ‘ Praying 
Palm ’ is a striking example of the effect of variation of 
emperature in modification of geotropie curvature (p. .‘50)* 
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Risi' of temperature is thus shown to diininisU irootropie 
torsion of dorsi ventral organs, and tlie ape-^^^eot ropir 
curvature of radial origans. We have next to study the 
tdTect of temperature variation on the dia-i^eot ropic e(|uili- 
hrium of leaves. 

EFFECT OF VARIATION OF TEMPERATURE ON 
D I A-O EOT ROPIC EQU t L I B R f t • M , 

Tn the normal position of the plant, the leaf of Mitnos^a. 
assumes, under ^^'otropic action, an ecpiilihrium position 
which is a))proximately horizontal. I shall proceed to show 
that this position of equilibrium also uuder^foc'S a]q)ro])riate 
variation under changin <4 temperature, the h*af undtn*- 
lL>^oinf^ a fall durifi^ rise, and an ereciion during; fall of 
t(m)pe rat lire. 

T stated that the torsional r<*sponse is one of the means 
of recording ^'(3otropic efF<‘ct and its variations. In the 
ordinary position of tho jilant, th(‘ ^ootropii; variation will 
he indicated by the restionsive u]) or down movement of 
the leaf in a vertical jilane. 'rakinp tin* loaf of Mi mam. 

we have thus the means of studying tin* (‘tfect of varia- 

tion of teiri])eratur(* by two independent nn‘ans of inquiry, 
namel}’, by record of ordinary nvsjionsivt* moveirnmt in a 
verticifl plane, and also by record of torsional response. 
The variation of temperature which induc(*s tln*st* move- 

ments may be simultaneously recorded by m(‘ans of a 
differential metallic thermometer. The Multiplex Recorder 
employed for this research consists of thriM* r(*cor<lin^ 

levers. A photo^^raphic reproduction of the ajiparatus will be 
found in a subsequent chapter (see Fig. 19(1). The first lever 
is attached to the leaf of Mtmosci })laced in tln^ normal 
position ; the second lever records the torsional response; 
of Mimosa leaf, the plant being placed on its side ; the 
third lever attached to the differential metallic th(*rmo- 
meter gives a continuous record of variatiofi of temperature. 
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hjjfect of variatih}! of iemiierature : Fjxperimant 20L — 
S/jiicial arrun.i'tMiHMJl was nuule for trradual variation o! 



Fig. 187. — Simultanooufl record (a) of variation of temperature, (6) of 
up or down movement of leaf of Mi}fiosa, and (c) of variation of torsion. Rise 
of temperature is attended by fall of leaf and diminution of torsion, fall ot 
temiMjrature imbieing the opposite etfect. 


temperature in the plant chamber. Two rectangular metallic 
vessels each 50 x oO x b cm. were placed on opposite side? 
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.>t‘ the plant chamber, and warm water was made to circulate 
through them ; this device ensured a steady rise of tem- 
perature. The flow of warm water was then stopped and 
(he plant chamber was allowed to cool down ; the fall of 
remperature was at first moderately rapid, but later on the 
rate of cooling became extremely slow ; on account of 
tliis the temperature of the plant chamber, towards 
(he end of the experiment remained higher than tlie 
normal temperature outside. The rate of rise and fall of 
temperature during the entire course is illustrated in the 
thermo-graphic (a) tracing (Fig. 187); the record (6) exhibits 
the movement of the leaf in a vertical plane, rise of tem- 
perature being attended by a diminution of geotropic curva- 
ture resulting in the fall of the leaf, the fall of tempera- 
ture inducing the opposite effect. In record (o*) is seen 
the responsive variation of geotropic torsion, rise of 
temperature inducing a diminution and fall of tempe- 
rature causing an enhancement of torsion. The ri‘sults 
obtained by diverse methods thus prove that the geotropic 
effect is diminislied under rise, and increased under fall of 
temperature. 


SUMMARY. 

The position of equilibrium under geotropic action is 
not fixed but undergoes change with variation of temper- 
ature. 

The geotropic curvature and torsion ar(i increased by 
lowering of temperature, and decreased by ris(i of ttnnper- 
uture. This is equally true of apo-geotropic and 
<iia-geotropic curvatures. 
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XLVL -DIURNAL MOVKMENTS IN I^LANTS 
By 

Hir J. C. Bosk. 


The subject has [oni( been a perplexing one, and its 
literature is copious. After a good many years of experi- 
mental investigation, I have succeeded in analysing tht‘ 
main factors concerned in the many phenomena which 
have been described as Nyctitropism. Tin; n*siiUs of tin* 
researches are given in a se(|uence of five papto-s, wliicli 
may be read separately, yet will be sihmi as so many 
chapters of what has been a single thougli varie»l iuv(\stiga- 
tion. 

The different chapters are : 

1. Daily movements in relation to Light and Dark- 

,ness. 

2. Daily movements due to Variation of Temp(u*a- 

ture affecting Growth. 

3. Daily movements due to Variation of Temp(‘rature 

affecting Geotropic (Curvature. 

4. The Irnmodiafe and After-effect of Liglit. 

5. Diurnal Movement of tlie h*af of Minu^iu dmj 

to combined effects of various factors. 

Nyctitropic movements are thus described by .lost* : 

“Many plant organs, especially foliage and floral leaves 
take up, towards evening, positions other than those tliey 
occupy by day. Petals and perianth leaves, lor example, 
bend outwards by day so as to open the flower, and inwards 
at night so as to close it . . . Many foliage leavers also 
may be said to exhibit opening and closing movements, not 
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merely when they open and close in the bud but also 
when arranged in pairs on an axis, they exhibit movements 
towards and away from each other. In other cases, speak- 
ing generally, we may employ the terms night position i\ni\ 
day position for the closed and open conditions respec- 
tively. The night position may also be described as the 
deep position.^' After reviewing the various theories pro- 
posed, he proceeds to say “ that a completely satisfactory 
theory of nyctitropic pulvinus movements is not yet forth- 
coming. Such a theory can only be established after new 
and exhaustive experimental research.” 

The difficulties of the experimental reinvestigation here 
called for towards clearing up and explanation of the 
subject are sufficiently great ; they are further increased by 
the fact that these diurnal movements may be brought 
about by different agencies independent of each other. 
Thus in Crocus and in Tulip, the movement of opening 
during rise of temperature has been shown by Pfeifer to be 
due to differential growth in the inner and outer halves 
of the perianth. I shall in this connection show that a 
precisely opposite movement of closing is induced in 
Xyni/)hcea under similar rise of temperature. I shall for 
convenience distinguish the differential growth under tem- 
perature variation as Thermonasty proper. Again certain 
leatlets open in light, and close in darkness in the so- 
called sleep position. Intense light, however, produces the 
‘ midilay sleep’ — an effect which is apparently similar to 
that of darkness. The determining factor of these move- 
ments is the variation of light. 

There are other instances of diurnal movement, far more 
numerous, which cannot be explained from considerations 
given above. It has therefore been suggested that the 
“Day and night positions may arise by the combineil 
action of geotropism and heliotropism. Thus Vochting 
(1888) observed in the case of Malva verticillatta, thar 
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the leaves, when illuminated from below, turned their 
laminae downwards during the day, but during the night 
became erect geotropically. The sleep movements in leaves 
and flowers, referred to above, cannot however be explained 
by assuming such a combination ot* heliotropism and 
geotropism.”* 

I commenced my investigation on nyctitropism five 
years ago, after having perfected an apparatus for continu- 
ous record of the movements of plants throughout day 
and night. A contrivance, described further on, has been 
devised for obtaining a reconl of diurnal variation of tem- 
perature. I have also succeeded recently, in perfecting a 
device for automatic recoril of variation of intensity of 
light. It has thus been possible not only to obtain a 
continuous record of the diurnal movement of the plant, 
but also obtain stimultaneous record of tliose clianges in 
the environment which might have an influence on tlie 
daily movement. 1 have in this way collected several 
hundred autographs of difl'erent plants throughout all 
seasons of * the year. The records thus obtained wer(‘ 

extremely diverse, and it was at first impossible to discover 
any fundamental reaction which would explain rdie pheno- 
menon. While in this perph*xity my attention was 

directed two years ago to the extraor<linary perform- 
ances of the “ Praying Palm ” of Faridpore, in wliich tfuj 
geotropic curvature of the tree uniierwent an accentua- 
tion during fall of temperature, and a diminution during 
rise of temperature. 

The discovery of this new phenomenon led me to the 
inquiry whether Thermo-geotropic reaction, as 1 may call 
it, was exerted only on Palm trees, or whether it was a 

For further inforruation on the sjubject r>f Nyctitropism, «*/. — 

Pfeffer— /6«/, Vol. II (1^3),]). 112: 

Joal—Ibidj pp. 500, o07 j 

Viiies— Physiology of Plants 11880), pp. 4O0, 543. 
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phenomenon of universal occurrence. I therefore extended 
my investigation on various geotropically curved procumbent 
stems of Ipcemia^ Basella, and of Tropceolum majm. Here 
also I found that diurnal variation of temperature induced 
a periodic movement exactly similar to that in Palm trees. 

I next wished to find whether the Thermo-geotropie 
reaction observed in stems was also exhibited by lateral 
organs such as leaves, which being spread out in a 
horizontal direction are subjected to the stimulus of gravity. 
I found that in a large number of typical cases, a perio- 
dic movement took place which was exactly similar to that- 
given by rigid trees and trailing stems. A standard 
curve was thus obtained which was found to be charac- 
teristic not only of trees and herbs, but also of leaves, 
'rhe stem and leaves fell continuously with the rise of 
temperature, from the minimum at about 6 in the morning 
to the maximum at about 2 p.m. They erected themselves 
with falling temperature from 2 p.m. to 6 a.m. next 
morning. 

In the diurnal record of Mimosa I met, however, with 
an unaccountable deviation from the standard curve, for 
which I could not for a long time find an adequate explana- 
tion. Subsequent investigations showed that the deviation 
was due to the introduction of additional factors of varia- 
tion, namely of immediate and after-effects of light. 

COMPLEXITY OP THE PROBLEM. 

I have already referred to the great difficulty of ex- 
planation of nyctitropism from the fact that the diurnal 
movements may be brought about by different agencies 
independent of each other. It is, moreover, not easy to 
discriminate the effect of one agency from that of the 
other. 
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The combined effects of different factors will evidently 
be very numerous. This will be understood from considera- 
tion of the number of possible combinations with only 
two variables, geotropism and phototropisin. The effect of 
geotropism may be strong G, or feeble, g. Similarly we 
may have strong effect of light L, or feeble effect of light 
/. Light may exert positive phototropic action -hL or 
negative action - L, Thus from two variables we obtain 
the following eight combinations : 

G + L ; G-^L ; G-icl; G-h 
0'^ ^ ~ L ; g ■\-l ; g - 1. 

The number of possible variables are, however, far 
more numerous as will be seen from the following : 

Geotropism, — The effect of geotropic stimulus on hori- 
zontally placed organs is one of erection. But this stimu- 
lus, which is constant, cannot by itself giv») rise to 
periodic movements. It has however bcjen shown that 
variation of temperature has a modifying influence on 
geotropic effrvature (p. 519). 

Phototropism. — The action of unilateral light is to in- 
duce a tropic curvature, w^hich in soim^ cases is positive, 
in others negative (p. 38t)). In addition to these effects 
induced during the incidence of light, we have to take 
account of the after-effects on the cessation of light. 

After-effects of light. — 1 find two very different effects, 
depending on the intensity ami duration of previous illu- 
mination. Of these the most important is the phenomenon 
of ‘overshooting’ which occurs on the cessation of light 
of long duration. This particular reaction, to be fully 
described, will be found to offer an explanation of certairi 
anomalous effects in diurnal movement. 

Periodic variation of turgor. — I have shown ( p. 39) 
that artificial enhancement of turgor in the plant induces 
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ail erectile movement of the leaf of Mimosa, dimiiiution 
of turgor inducing the opposite movement of fall. Kraus 
and Millardet have shown that a diurnal variation of 
tension takes place in the shoot of all plants, which is 
presumably indicative of variation of turgor. This varia- 
tion of turgor ill the shoot must have some effect on the 
lateral leaves. Hut the leaves are subjected to conditions 
which are absent in the stem. The erect stem is, for 
example, free from geotropic action, whereas the lateral 
leaf is subject to it. The effect of turgor variation in the 
shoot on the movement of leaves may be, and often is, 
overpowered by the predominant geotropic action. I shall, 
later on, reftn* to this question in greater detail. 

Aatononunis movements : Experiment 202 , — The lateral 
organ, say the leaf or leaflet, may have an autonomous 
movement of its own. In some, the autonomous move- 
ment may be r(‘latively quick ; the complete ])ulsation in 



Fl(t. ISS.— yVjiTest of pulsatory movement of leaflet of Desmodlfnn <iyraus liy 
from above and {gradual ivatoration on cessation of lij'ht. Up-mo veincnt 
represented by up-ciirve. 

Desmodium gyrans may be as short as a minute or so. I 
find that this autonomous movement becomes modified or 
even arrested by the paratonic effect of light. This is 
seen in figure 188, where light applied from above is 
seen to arrest the pulsation ; the normal activity is, how- 
ever, restored on the stoppage of light. 
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Epinasty and Uypunasty : Ejperiinen t tiOS . — Thore aro 
other autonomous movements whicli are relatively slow. 
Kven in an erect stem there may be a to ami fro oscillation. 
Ill such a case the effect of an external stimulus, say of 
light, is one of algebraical summation. The following is 
I he summary of results of unilateral actii)ii of light on 
the nutating hypocotyl of a pea seedling : 


Natural rriovemoiit. 


i Movoiiieiit to tlie right 
1 Movement to tlie li ft 


I Effect of light applied on the right side. 

( 

... i Aeeideration of existing movement. 

... j Retardation, arrest or reversal of natural 
j hiovement. 


Figure. LS9 exhibits the effect of light a])plie(l alternately 
above or below the cotyledon of Oararbitd Popo. On 



Fm. 181).— Effect, of iiuhateral light on hyponastic inuvemeiii of tlu' cotyliMlon 
of /Vpo. Application of light indicateil by arrows; light noting fn./n below 
retarils, acting from above HCcelerates the movement. Tin* l;.-t of tin* 

eirve in each shows recovery on the sif)j(|)age of light. 

aceoiml of the more rapid growtli of tho lower side, the 
cotyledon was exhibiting a hyponastic up-movement. 
Application of light from above enhanced tlie existing rate 
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of movement, whereas light acting from below retarded th»- 
movement. Here we have instances of photo-hyponastie 
modification of natural movement. Similarly epinastic 
organs will, normally speaking, have their natural down 
movement retarded by light from above, and accelerated 
l)y light from below. If the periodicity of the autonomous 
movements coincides with the periodicity of the external 
stimulus, the resulting movement will be determined by 
algebraical summation ; it will be very pronounced when 
the two effects are concordant. If the two periodicities do 
not agree, the interference effects will become extremely 
complicated. 

Positive thermonasty, — Rise of temperature inducing differ- 
ential growth brings about the closure of the flower. Fall 
of temperature on the other hand induces a movement of 
opening. Example of this has already been given in the 
responsive movement of Nympheea, 

Negative thermonasty. — The opposite type of movement 
is exhibited by Grocus and Tulip. Pfeffer has .>9hown that 
a rise of temperature induces in these flowers, a quicker 
rate of growth of the inner side of the perianth. Rise of 
tcmiperature thus induces a movement of opening, and a 
fall of temperature brings about the opposite movement of 
closure. I shall presently describe the effects of both 
positive and negative thermonasty, in diurnal movements 
of flowers. 

Thermo-geotropism. — I have already described the accen- 
tuation of geotropic curvature during the fall, and a 
flattening of curvature during the rise of temperature 
(p. 519). The influence of this factor on diurnal move- 
ment will presently be treated in fuller detail. 

There are thus more than ten variables, and the result- 
ing effect due to their combinations will exceed a thousand. 
This will explain why attempts at explanation of the 
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phenomenon of nyctitropism had hitherto proved so 
baffling. It is indeed a difficult task to disentangle the 
full explanation of each given case in the vast complexity. 
It is, however, possible, by a process of judicious eli- 
mination, to reduce the difficulties which at first appear 
to be insurmountable. 

In the periodic movement of plants there are st'veral 
factors which are predominant, others being of minor 
importance. The important factors are the effects of light 
and darkness, of variation of temperature on differential 
growth, and ot thermal variation on geotropic curvature. 

For facility of treatment, I shall first take tin? thret^ 
ideal types: (1) where the variation of light is the important 
factor, (2) where the movement is duo to differential growth 
under variation of temperature, and (.‘1) where thermal 
variation induces changes in geotropic curvature. I sliall 
then take up the movement of the huif of where 

the combined effects of numerous factors give rise to a 
highly complex diurnal curve. Ther(‘- remains now tln^ 
difficulty of cliscriminating the three types which approximates 
to the ideal. 

DISCRIMINATING TESTS FOR CLASSIFICATION. 

Predominant effect of light and darkness, — Turning first 
to the case where light exerts a predominant influence, 
the obvious test of keeping the plant in continuous dark- 
ness or continuous light is not practicable^. One woulel 
think that if the moveme3nt was due to perioefic variation 
of light, such movement woulel disappear under constant 
light or darkness. But (3wing to the persistence of after- 
effect, the periodic movement previously acquired is con- 
tinued for a long time. 

There is, however, another possibility of discrimination. 
The effect of variation of light will be most marked at 
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the two periods, early in the morning when the light 
appears, and in the evening when it disappears. In thr 
tropics there is little twilight ; in Calcutta, the sun rises 
in summer at about 5-30 a. in., and sets at 6-30 p.m. In 
winter the sun rises an hour later, and the sunset is an 
hour earlier. The average dawn may therefore be taken 
approximately at 6 a.m., and the average sunset at 6 p.in. 
Unlike the diurnal variation of temperature which is gradual, 
the change from light to darkness or from darkness to 
light is very abrupt. If we succeed next in obtaining 
a continuous curve of the diurnal movement of the 
plant, th(^ phototropic action would b(* evidenced by souk* 
flexures of the curve in the morning and towards evening. 

Th(i other two types of daily movement depend on 
the diurnal variation of temperature, and there is some 
difficulty in distinguishing the effect of variation of light 
from that of temperature, since both are connected with 
the appearance and disappearance of the sun, 

Dixini(U variation of light and of temperature , — There 
are certain dilVerences, however, which enable us to dis- 
tinguish the two variations. Light appears in the morning, 
say at 6 a.m., becomes most intense at noon ; after 4 p.m. the 
light wanes, and darkness sets in quickly after *5 p.m. 
and remains persistent till next morning. The course 

of variation of temperature is somewhat different. The 
minimum temperature is attained in my green house at 
about 5 a.m. in summer, and at about 7 a.m. in winter. 
The maxim am temperature is reached at about 3 p.m. 
ill summer, and about 1 p.m. in winter. The range of 

daily variation in summer may be taken to be from 

about 23 ' C. to 34° C. ; in winter it is from 16^ C. to about 

29^0. The above gives the normal variation and not the 
sudden fluctuations that occur during uncertain weather 
conditions. 
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The temperature remains constant for nearly an hour 
.luring the period of transition from falling to rising 
(emperature, and vice versa. The average period of minimum 
lemperature may be taken at b a.m., whicli I shall 
distinguish as the thcrvtal~d(iw)i. The average ])eriod for 
maximum temperature, the Iherwal-nooH , is at 2 p.m. Varia- 
tions from these average j>eriods at dilferenl seasons do 
!iot amount to more than an hour. 

The light-dawn and thermal-drawn ar<‘ nioia^ or less 
coincident, while the thermal-noon is two hours later than the 
light-noon. A change in the diurnal curve of movement due 
to thermal variation will thus be detected at about 2 p.m. 
If the curve of daily movement of the plant-organ closely 
resemble the diurnal thermographic curve, there can thtm 
be no doubt of the causal relation of variation of tem- 
perature in the production of the periodic movemont. Two 
different classes of phenomena, as alri*ady stated, arise 
however from the variation of temperaturts tkcnnnuastif 
and thermo-geotropism. In the former, tlu? moveimmt is 
autonomous, and determined in relation to th’e plant; in the 
latter, the movement is related to the directicni of external 
stimulus of gravity. Further tests will be given later, to 
distinguish the phenomenon of Therinonasty from that of 
Thermcf-geotropism. 

I shall in the succeeding papers describe the principal 
types of diurnal movements as sketched al)Ove. The success 
of the investigation greatly depends on th(5 elaboration of 
automatic apparatus of precision, which gives a continuous 
record of the diurnal movement of <liffer(*iit plant organs. 
The description of this Nyctitropic Recorder will be given 
in the next paper. 

SUMMARY. 

The obscurities in the nyctitropic movement of plants 
arise from the presence of numerous complicating factors, 
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In the diurnal movement of plants the most important 
factors are the effects of light and darkness, of variation 
of temperature on differential growth, and of thermal 
variation on geotropic curvature. 

These three classes of phenomena may be discriminated 
from each other by the following tests. The effects of light 
and darkness are most pronounced in the morning when 
light appears, and in the evening when light disappears. 
A pronounced flexure in the diurnal curve at these periods 
indicates the dominant character of the phototropic action. 
The eltect of light can also be distinguished from that 
of temperature from the fact that the period of 
maximum intensity of light, or ligkl-noon^ is about two 
hours earlier than the ihermal-noon, at which the 
temperature is maximum. 

A flexure of the diurnal curve about thermal noon, 
at which an inversion takes place from rise to fall of 
temperature, indicates the effect of temperature. The addi- 
tional test of the effect of temperature is furnished 
by the close resemblance of the diurnal curve of 
the plant with the thermographic record for 24 hours. 

Two different classes of phenomena arise from 
variation of temperature — Thermonasty and Thermo-geotro- 
pism. In the former the movement is autonomous and 
determined by the differential growth-activity of the 
two sides of an anisotropic organ. In the latter the 
movement is not in relation to the plant but directed 
by the external stimulus of gravity. 



XLVII.— DIURNAJ. MOVE.MKXT Jjl'K 'I’O A L THIiN' A'l’lON 
OF MO II 'I' AMI) DAHk'MFSS 


Hu 


SlI! .1. ('. I-OSK. 

Aiisi>it('d hj! 

Lalit Mohan Mtichhimi, h.sc. {Xairraji Srlndur), 

The nyctitropic inoveiiKMils oi: the UmIIim of {Uif^nia 
ulata ;u\(l of the leaflet of i um f/j/ra/is 

furnish us witli typical (‘xaiiijilcs of (lu^ (‘llVcts 

of and darkness. The [xdioh* of <V/\x/V/ contains a 

iimnber of pairiMl huiflcts (*ach of which is ahoiil ;*> (on. 
lon^^ and ‘i’b cm. broad. Icallcts ao* '‘xtrcnu'ly 

sonsitivo to li^dit ; at (sich pair of h*alb*(s fold (Inmi- 

sclvcs in a forwaril direction (sei* Pdit. loO). With the 
ap])carance of li;^dit tht*y o[)cn at lirst in a latmal t|iia*caion ; 
later on thert‘ is a twist of tin* pulvinus liy whiidi tlu^ 
inn(*r surface of tlie buillcts faces liydit c.oininLC from a,bt>ve 
(p. 400). I shall sliow that the diurnal jno\cmcnts of tin* 
Icadets ar(‘ predominantly due to jihototropie- action. 

Jh'fore proceedin<j: further it will bt‘ msa'ssarv to ^ive 
a ^(‘iieral description of tln^ experimental m(‘thod einploye(|, 
and of tln^ a[>paratus by which diurnal movennmts are 
recorded. 

E \ PE n I M E N T a L A K H A N ( i E M E N 'PS. 

The diurnal record is often tak(m continuously for 
several days, and it is therefore necessary to takt? precau- 
tions against the disturbing effect of wat(;ring die plant. 

:h) 
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Tho record is also liable to be alTected hy the twist induced 
by light when it acts on one side of the organ. 

Irrigation , — There is, as is well known, a periodic 
variation of turgor in the plant. This normal variation 
is, however, disturbed by watering the plant at irregular 
intervals. Precautioti against this was taken by i>lacing 
the thn^e flower ])ots on a long trough filled with water 
(Fig. 11)0). The height of water in the trough is always 
inaintaiiK^d constant by a syphon. 

Ve^'tiral illntNinfUton , — The direction of sunlight chang(;s 
from morning to evening, and the leavc's exhibit appropriate 
phototropic movements or torsions under changing direc- 
tions of lateral light. In order to obviate this, a special 
chamber was constructed, which allowed light from th(‘ 
sky to fall vertically on the plant through a slnuit of 
ground glass which coviu’od the roof. The sides and the base 
of the chamber are impervious to light. A narrow slit 
covered with red glass allows inspection of the curve 
during the process of record. 

The Ventilator , — A revolving ventilator, acted on by the 
wind, sucks the air away from the chamber, thus ensuring 
constant supply of fresh air, without causing any disturb- 
ances of the record. 

The Rerordcr , — The Oscillating Recorder employed is of 
the quadruph'x type carrying four recording plates 
(Fig. 11)0). The first lever records the ilaily variation of 
temperature. Tho other three are attached to three dilTerent 
specinums of the same plant, or to three dill'erent plants. In 
the former case, three records are obtained of the same 
species of plant, under identical external condition. If 
they agree in all essentials, the periodic curve may be taken 
as characteristic of the given plant. A very great saving of 
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time is Unis onsurtMl, and it is thus possihlo to obtain 
characteristic curves of numbers of dilVerent species of 



Fiu. ll»0. — The Nyolitropic Recorder with four writing havers. 'I'ij* ilower 
pots are placed in a tronph filled with water to a. coTistanl hei^ilit 'I'le* lirst 
two levers are shown in tlie ligiire to re<*«*rd niovenients of leav*--, t tie thir<l 
record inoveuient i/f u liori/.ontally laid .-hoot; the fonrtli I'ver attaeli^ifl 
to a differential thermometer, T, records diurnal variati«m of tern jierat.ure. 

plants within thtj short jx^rioil of a season. (]iui<lruj)lex 

recorder enables us also to obtain siiriulttineous records 

under identical (ixternal condition of Icjives of dillertmt a^e 
uf the same plant, or of heaves of thret* dillertmt species 
plant, I have for th(i last five years taken records ol 

:v.) A 
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niis 

iMirru‘rr)iis jjlantH at all ri(*aSf)ns of ttio year. The auto«j^ra})h 
of tie* plant is often so eliaracteristic that it is possible 
to name it l»y mere ins])ection of its daily rt^cor*!. 

77/6/’///o///*a/>//.— For ohtaininic a continuous record «»f 
<liurnal variatioi; of temperature, I uBe a compound strip, 
T, ma<le of brass and steed. Variation of temixu’ature 
in<luc(‘S a curvaiuro of the) compound strip whicli is re‘coreh*el 
by ineNins of tlie attaclnxl leveu*. The* ose*dllatioii of the* j)late 
lakes place* once* in lifte*en minutes, anel the sue;ce‘ssive de)ts 
Ihns prodiKM'd ^ive* time* r(*e!ords of the diurnal curve*, 
'riie) r«*corel Ihus ce)nsists eef a series e)f dols. An 
adelitional d(‘vice‘ make*s the* plate* oscillate* (hr»*(‘ time's in 
rapiel sue*aa*ssion at the* e*ud of each he)ur : the hourly dot 
is thus thicker than otlu'rs. The* movement of the plant, 

e*-e)rre*spondin^^ to the particular variation of tempe'rature 
at any p(*riod, may tlius be* easily eletermined. [ shall 

nenv .t,dve* ;i typical e*xam])le eef eliurnal movement induceel 
hy varijitie)n e)f lit^ht anel elarkne'ss. 


DIUUNAIi MOVEMEN'P OF THK LKAFi.FT OF (UlSs/u (l/a(a. 


The 

lea 

‘let e)f 

( 'ass id 

til at a 

e'xhibiis a move'inemt of 

ope*ning 

in 

t he* 

me)rning. 

and 

it re'inaiiis e)utspre'ad 

throughou i 

the* ( 

lay. It 

then 

he*gins to close before* 

e*v(*ning 

an 

d re*mains cle>se 

el threnighe)ut tin* night. The* 

prol)lem 

be 

fe)re us 

is to 

linel 

e>iit the relative* im[M)ri- 


ance e)f variatie)n e)f te*mpe*rature* anel of lii'ht in the* 

eliurnal meevement e)f the* leaflets. 

In the) elaytinii* tin* li^ht is incre*asin.i^^ tiil midelay : 

the*ri* is, e)n the e)ther hand, a rapid eh*e*line* ed‘ li^dit afte*r 
;■) p.m. and uninterrupted darkness at nii^dii. As re*irard> 
ie*niperature' there* is a continue^us rise* fre>m morninjj^ lili 
the* thermal ne)e)n at 2 p.m., after which the fall e)f 

temperature is continuous till next mornins^. The* e)pen- 
iug e)f the leatlets in the elaytime* may therefe)re* la* dm* 
te) the summated etlVcts of rising temperature anel increas- 
ing light, the closure, on the other hanel, being due to 
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falling teniperatiiro, and to darknoss. Tlio individual olloct 
of each of these factors is not known and it is therefore 
necessary to determine the tdi’ects of variation of tonipi'ra- 
tnre and of light. 

EFFECT OF VARIATION OF TEMPERATURE. 

K.rper'nnent :J04 , — The plant was enclost‘d in a glass 
chamber and exposed to dilfnse light. Tlu> i‘Xi)erinu*nt was 
commenced at midday, when the leathds were opt*n ; tlu‘ 
light was kept uniform whih^ t(‘mpt*rat un* was artificially 
increased by means of an (dectric heater placed in tht‘ 
chamber, and deeiv'ased by introducing cold air into the 
})lant cliambm'. One of the leaflets was altacl)('tl to the 
recording lover and its niovcnnent, up or down, indicattul 
lh(‘ movenumt of optuiing or closun*. The records showiul 
that rise of temperaturi' induces a inoviOiuMit of closure, 
while that of fall brings about the inovemeuit of opiMiing. 

EFFFU’T OF VARIATION OF LHOIT. 

hjXlH'vithf'nt — This (*xp(‘riment 
was also carricMl out at midday, wlnui 
tin* leafhds wero open. The hori- 
zontal re(;ord in figuia* 191 . repr(‘- 
sents the stationary exjtanded condi- 
tion of th(^ leafhd ; a black clotli 
was pul over tint glass chamber at 
1 p.ni., and the tdlect of darkness 
was recorded for one hour. l)arkin*ss 
is se *n to initiate a mov(*nnmt of 
closure, which increased at a rapid 
rate ; ih(‘ black cloth was removiMl 
after an hour, and the movenn*nt of 
opening under light was (*oinplete<l iu 
the course of five (|uart(U‘s of an 
hour. It is thus si^en that tin* 
leaflets are extremely H<*nsitive to the 
action of light. 



Flc. I'.U. — Effect <jf 

• iarkcmiij.; at airnw. jn<«lnc- 

• 'S iii()v<MHCiil ijf clo^iir* 

( iip-Ciirvc ). Rc'-torai iciti of 
liL'Iit jjaliicos oiteniiig 
move tin nr Llown-curvi-J. 
Sr.ccort-ivi* (lots at interval" 
of 1 .') ininiite". (Lea tint of 
CtUHn.) 
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Tho oxperiiriiints that have just been described on 
the etl’ects of ris(; of temperature, and of light, show 
that they are antagonistic to each other. In the forenoon 
the opening movement under light has to be carried out 
y-gainst the closure movement due to rise of temperature. 
Light, iherefor(i, is the predominant factor in the diurnal 
movemtnit of the huillets of Ccisnia, The closure elt’ect 
of darkness at uiglit, on tlie- other liand, overpowers the 
tendcnicy (d‘ movtuiKUit of (»pening due to fall of temperature. 

DIUKNAI. MOVEMENT OP THE LEAFLET OF CV/S'.SlV/ alatu, 

Mj'prrhneni — 1 m^xt obtained the diurnal record of 
th(i leailet, from 4 p.m. till 1 p.m. next day. The leaflets 
remain optm from 1 p.m. to 4 p.m. and the record of 
tliis [)(‘riod is therid'orc^ omilttsl. In tln‘ diurnal rt*cord 
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Fie. — niiiri'ai movoiiioiu of tin* leatict of alatu. riofiire movement 

oommetu’eil ;it p.m. :»ml eomplettMl by l»p.m. Lealle:^ iH-iran to open at a a.m. 

(Fig. VJ2) tlu? lirst thick dot was made at 4 p.m. and 
successive thick dots are at intervals of an hour, the 
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thinner dots being at intervals ot* 15 minutes. It will be 
seen that a rapid movement of closure was initiated at 
.') p.m. when the light is uiulerg(»ing a rapid diminution. 
The movement of closure is comi)h‘ted at about !1 p.m. 
The leaflets riMiiain closed till 5 a.m. next morning, after 
wliich tliey begin to open ; this opiming may commence 
eviMi an hour earlier. It should be boriu' in mind in 
this connection, that sinc(‘ light an<l ris(‘ of tempeiature 
are antagonistic in tludr reactions, tie' idfi'cts of light and 
fall of ti'inperatuD* would be concordjint. ; and the, (^piming 
in thti early hours ma}^ possibly be hastened by the low 
iemperatur(‘ in tht‘ morning. 'Phe leaflets opim to (lH‘ir 
utmost by D a.m., and they remain op<‘n till the afterm)on. 

The plant is so (‘xtrimn^ly sensitiv(‘ to light that any slight 

tluctuation is followed by ri‘sponsiv(^ movmnent of the 
leaflet. Thus tin* transitory ))assage of a cloud is marked 

in the rc'cord by a short-liv(Ml closure movimnmt. 

D[fJHNAL AlOVEMKXT OF TICE TERMINAL LFAFLET OF 
Ddii in 0(1 i u tn (j i/ run s . 

Both thc‘ petiobg and the terminal leafbd of this plant 



Fk;. I'.O. — Tho 'lay an<l ni.i'fit positions f>f llie aiifl t*,‘rniinal loallot of 

Jjefinudintn yijrdiif. 

exhibit very marked nyctitropic movement. The petiole is 
raised and becomes almost erect in the evening, while the 
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piilvinus of tlu* t(‘rininal leiiflot t^xhibiis a sliarp curvature 
downwards (Fi^^ rJi)). 

Kxper’nhent 207 . — The petiole was held fixed, and the 
t(*rminal loafhit attached to the recording lever. I have 
already (‘xplaiiied that li^^ht falliii^^ on the pulvinus from 
a})()ve, induces an iip-inovenKUit of the leafhd, which is 
thus (U’('cte<l iiinho' liitlit of rnod(‘rat(‘ int(*nsity. If the liglit 
Ixi stronit, the transversely conducted excitation induces a 
partial inuttralisation ; very intensi' lii^lit may twen cause 
a ri‘versal into down-movement, tinder natural conditions, 
day-lii,dit actinit from ahov(‘ induces an up-movement ; 
(hirkiK'ss, on th(‘ oth(‘r hand, induces a rapid movement of 
fall. The leathds sometimes exhibit autonomous pulsations ; 
hut tin* diurnal movenn‘nt is viry strom^^ and the daily 
(Jurve ajtpears as ;t sin.t'Ie lartte pulse on which smaller 
autonomous pulsations may l)ecome su})(‘rp()S(‘d. 

'file diurnal cur\(* ( Fii^. l‘.U) exliihits a sudden tlexun* 
at about T) p.m. on the rapid waniipLt of afternoon li^ht 
till, by p.m., it beconu'S closely pre'St*d caealnst the 



nn. u*conl wt t lie aMMiiin.il Icatlft nf in m </>/} d us . rp-iinvc 

|■«‘jM’^*stMll^ tiiovt'iiuMir (if fl(»‘»nn*. 


petiole, by the rapid fall of the leallet. The discriminat- 
im? test, bt*two(*n etfects of variation of temperature and of 
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lies in the fact that the ilexure of tlie dinriial curve 
takes place in the former at about 2 p.m. when tempera- 
ture undergoes change from ascent to di'scent ; in tlie case 
of light, tlie change in the iulonsity of light begins to be 
marked about three liours later. In the diurnal curve <)f 
DrsjnoditUN tlu‘ record shows litth* change at 2 p.m., showing 
tliat tlu‘ leaflet is not alf“Cted to any great i‘xtent by th(‘ 
variation of t»‘ui}>i'ratu re ; it is, howevtu*, strongly affected 
by change* in light as semi in the rapid closun* movement 
about T) p.m. The hsiflet remains tightly closinl throughout 
the night and begins to open and spread out t'arly in the 
morning at aboir a a.ni. This up-niovmnent is also V(‘ry 
rapid ami tin* l(*a!let assumes the fulh‘St outsprea<l jiositiou 
by 7 a.m. It nunains in this position till the aftmuioon, 
after which the c*y(de Ix'comes repc'ati* 1. As ilu‘ haitlet is 
very sensitive to light, the position of eijuilibrium of the 
lt‘allet is lial)l(‘ to In* dislurhiMl by the slightest variation 
of light and lie* fluctuation of light fiami the sky 
oftmi givi‘S rise to a wavy outlim* in tin* record. d'lie 
l(‘ath‘t, nioriM) ver, has a imnh'ncy to (exhibit rhythmic 
pulsations. 

in till' leathus of ('((ssifi ami J )r.snt(i(li mn , the daily 
movement is thus brought about by tin* |)re<l(imi nani action 
of recurrent light and darkness. 


MIDDAY SLEEP. 

I shall here brielly recapitulate tin* results given in 
greater vletail in an earlier jiaper ( p. ',W)2). 1 liavi* shown that 

tin* midday closure of h‘atlet.s is brought about by the 
excitatory action oL strong sunliLdit. 'I'ln* responsive 
mov(*ment of motile pulviiius umler dilfuse stimulus is 
determined by the greater contraction of the more excit- 
able half of the organ. lender the action of the midday 
sun tin* leaflets of Mimosa undergo a folding upwards, 
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wliur(3a.s the leaflets of Auerrhua caiamhola a 
downwards. The exi>lanation of the difference lies in 
th(i fact that in tin; leaflets of Mimosa it is the upper 
half, and in Averrhoa it is the lower half of the 

pulvinule, tliat is tlie more excitable. This difference may 
b(3 demonstrated by the action of diffuse electric shock 
iirnhu* which the Icjath^ts of Mimosa (‘xliibit an upward, 
and those «)f Averrhoa. a downward, closure. I have 

also shown that condin^tion of excitation takes place across 
the pnlvinnle ; hence tln^ stron.L^ excitation caust^d by sun- 
li^dit becomes inti'rnally diffused, and brin^^s about the 
rc^sponsive movements, the direction of which is detcn*- 
mined by the more excitable half of the pulvinule. 

SUMMARY. 

Rise of tem[)tu*atur(‘ induces a movimient of closure of 
the leaflet of Oassvi, fall of tmnperature inducing the 
o[)positi* movenumt. 

Artificial darkiu'ss induces a closure of tlu^ feafhds, lhi‘ 
closur(‘ beiiiLt completed in the course of an hour. On 

readmission of lii'ht, the leaflets become fully expanded 
in the course of one hour and a (juarter. The leafhds 
are extiaun dy sensitive to liiJ:ht, closure movement* being 
induced by the transitory passage of a cloud. 

Tlie (dfect of rise of temperature is antagonistic to tln‘ 
action of light. The movement of ojiening during tin* courses 
of the day is due to the effect of light overpowering the 
effect of rise of temperature. 

Under daily variation of light and darkness, the 
moveiiient of closure is initiati'd at about 5 p.m., when 

the light is undergoing a rapid diminution. The movement 
of closure is complete by 9 p.m. The leaflets remain closed 
till about 5 a.m, next morning, after which they begin to 
open and become fully expanded by 9 a.m. 
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The terminal leaHet of Desmodinni gifrans ex]n])its 
a diurnal movement wliich is very similar to that of 
It begins to open early in the morning and remains out- 
spread during the whoU* dax ; tlu‘ leaflet exhibits a rapid 
down-movement after 5 p.m. and becomes closely pressml 
against the petiole in the coursi* of about two hours. 

The midday slee]) of leafh‘ts of Miiiiosa and Arerrhod 
is due to the excitatory action of strong sunlight on th(‘ 
pulvinule, the more excitable half bt'Coming contracttnl 
under excitation. In Mimosa leathds it is the ii[)per, and 
in Averrhoa, it is tlu^ lower half of tlui pulvinub* that 
is the more excitable*. It is in consi*(jiU‘nce of tliis that 
the diffuse excitation of strong sunlight cans‘‘s the* leaflets 
of Mintosn to fold upwards, those* of Avrd'rhou to fold 
downwards. 



XLYIII.-DIIJRNAL MOVEMENT DUE TO VAFilATlON 
OE TKMlVERATUliE AFFE]CT[N(F (IROWTH 


SjR J. {\ Rosh:, 

Assisfed hi/ 

1. A L l T A[( ) 1 1 A N M r K K IIJ K K. 

It Jias staled tliat there are two chissts of diiirtial 

iiiove.iueiits caused by variation of tcunperatiirv* ; one of 
tli(‘'5(‘ is due to <]il1’(‘iH‘iitial trrowth indnc(Ml on two sides 
of the (U’^nui, and tlie other is brought about by tl\e 
indinu'd variation of geotropic curvature. Tlie former may 
b(‘ distinguislKMl as TkannoiKtiit ir, and tlie latter as 
'rhoi'itw-ijndrofiic nitii'riHitnl . Htd'oiM* laying down the critcuua 
to distinguish tlie one class of pluuionienon froip tin*, other, 
it would b(‘ advisabh* to refer to the somewhat arbitrary 
distiindion that has becm made b(*tw(*en nastic and tropic 
reactions. 


'Jd t ( ) I M C AM) N A S 'Jd M ( ) \’ K M 10 N T S . 

The (‘xplanation, which I sha'l otfer about the night 
and day movenients in plants, has been reached through 
the study not <mly of pulvinated, but also of growing and 
fully grown organs. A distinction is made bid ween tin* 
movement due to growth, an I the ‘variation movement’ 
due to change of turgor. I have shown (p. 2311) that the 
same diminution of turgor which induces a contraction in 
a pulvinus, also induces in a growing organ an incipient 
contraction, and retardation of growth. Enhancement of 
turgor, on the other hand, induces in both the opposite 
etfect of expansion. Unilateral stimulus induces curvature. 
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aud there is no essential difrerenct* in the production of 
such curvatures in pulvinated, ^M-owini,% and fully irrown 
organs. The exhibition of nyctitropic nioveinenl by the 
fully grown, aud rigid "Ih'aying Palm’ is a striking dc- 
nionstration of the unity of responb»‘ of all plant organs 

As regards tlui distinction between the tropic atid nastic 
movtunents, it will be found tliat tliere is no sliarp liiu‘ 
of demarcation betweim the two. A movennmt is said to 
b(^ Ira/jir, when unilat(‘ral stimulus at^ls on an organ and 
induces in it a directive^ movtnnent. (birvaiur<‘ induced by 
dilfused stimulus on a dorsi ventral or anisotia>pic organ 
(with ditfeiMMitial (*xcitabilities of tlie two halv(‘s) is termed 
Ndstic. Daylight is su[>t)osed to act diffusely {t.e,, (‘ijually 
on all sides) on leavi'S ; this is, however, not stri(itly trut‘? 
since the liglit from sky above is stiamg^u* than from 
ground Ixdow. Mor(‘OV(*r, tin* tropic action v.f unilateral 
light may beconn* nasne by internal diH’usion of excitation. 
'Jdiis is si‘en in the ri‘spons(* of tin* pulvinus of Mittiosti 
t(> light acting from abovi*. 'Pin* leaf at first moves 
ut)wards towards tin* stimulus, tin* r(‘Spons(‘ Ixiitig positive- 
ly phoiotrot)i(5. Hut under the c.ontinued aedion of lighi» 
excitation becomes internally diffust'd, and tin* l*‘af under- 
goes a fall by tln^ gr«*ater contraction of the more excit- 
able lower half of the organ (p. diW). No sharp distinction 
can tliercfore In^ made between the movtu/ienls of growth 
and of variation, between tropic and nastic curvatures. 

Th'* employment of the term 'nastic’ is, liowevtn*, 
convenient when used in a wtdl-(h‘fi in*d and rtiStricted 
sense. “Wo speak of tropism when tln^ organ takt*s up a 
resting positioji detinit(‘ly rdatf-d to Ihr nj[f‘(trfivr sli//rtiius» 
Nastic movem(*nts, on the other hand, are cur\aiures which 
bring about a particular position /// rrlatinn bt tl^e, plant, and 
not to the direction of the stimulus”.* It will sometimes 
be necessary, in the course of this jaiper, to discriminat(* 

* Sirar-burgei- Text-book of Botany ” (UUii). p .’iCO. 
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the inoveiri(ni<s which are autonomous from others which 
are paratenic, /.e., ])rou‘^ht about by external stimulus , to 
the former class b(‘lon.f'S a lar^^e number of automatic 
activiti(?s ran^nnj' from the quick pulsations of Demiodium 
(pjraiiH to the slow movemimts, (exhibited by epinastic and 
hyponastic or^'ans. Under the category of nastic move- 
ments may also b<‘ included thosi‘ of the tlower of Crocus 
and Ttdip, in which variation of temperatures induces 
dilfenMitial growth on two sides of the organ. The direc- 
tion of (he movaunent, though initiated by change of tem- 
perature, is <lr.Lermined by the dilfmamce of growth-activity 
on (he two sid(‘s. In thes(‘ instances of nastic movement, 
the* indiiC(Ml curvature is in ladation of the plant; the 
opeming of the (lower due to rise of temperatures will remain 
tlu‘ sanitq wluither the (lower bi^ kept in an (‘rect or in 
an inv(‘rted position. Had the movenuml, on the other 
hand, heen paratenic, that is to say, due to the (^xternal 
stimulus of gravity, the responsive movement would have 
becui det(‘rmined not in relation to the plant but to the 
direction of (‘xtiumal force of gravity. 

In the description of din'ction of responsive move- 
ments, confusion is likely to arise unless tin* j)oint ot view 
be careCully defined. An up-movement of a leaf or a 
petal means ai)proach towards (he growing point , of the 
axis. This may be variously d(‘scribed as movement of 
closure or of folding. A down-movement may, on the 
otlier hand, be describetl as a movement of opening or of 
unfolding. If the plant be held invt‘rted, two ditferent 
ed'ects will be noticed dej)ending on the character of the 
mevement, whether nastic or tropic. In the case of nastic 
movement, (he former up-movement in erect position would 
a})pear, on inversi()u of the plant, to be a down-movement ; 
but in relation to the plant the closure movement will 
remain closure movement, wliether tln^ plant be held in 
the normal position or upside down. If, on the other 
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hiind, the direction of movement be determined by 
the piiratonic enVcc of external stimulus, t^ravity Du* 
example, an up-movenient due to fall of temperature will 
continue to be an up-movemtuit, whether the plant be 
held in its normal or inviu’ted position. Tin* ri*S])on8ive 
moveiiu'^nt in relation to the plant will, howi'ver, be 
(lill'erent ; the closure movtunent will, on inversion, be 
reversed into a movement of (^penin^. The ri'versal of 
closure into an 0 ])enin,iif movement or i'irr will thus 

be a test of the paratonic effect of external stimulus. 

W(' may thus distini'uish thernionastic from thermo- 
^eotro})i(i action by tlu^ followini^ tests : 

1. Thermo]\astic movements are, j^enerally S})(*akin^% due 
to di1V(U’ential ‘^n’owth, and are thorefor»‘ characteristically 
present in .i,n’owinj» or^^ans. ^riu‘rmo-«.,n.‘otropic action is 
indepmident of growth. 

2, Thermonastic movements fak(‘ j>lac<‘ in relation to 
the ])lant, ,and is not d(*tcrmin(‘d by ext(U*nal force of 
a directiv(^ natun'. Ojteninj^^ or closing' mov(*ment will 
remain unchanged after inversion of tin* ])lant. Ihit thermo- 
gi*otro[)ic reaction being dett^rmined by tlu‘ (*xt(‘rnal stimu- 
lus of gravity, becomes rc, versed on inversion of the plant, 
(hosure movement is thus converted into opcuiing move- 
ment, and vice versa, 

I shall now tak(^ u}) the diurnal movement due. to 
variation of growth imluced by change of tein])erature. Of 
this the flower of NnjHphrra furnishes an examph*. 

DIURNAL MOVKMKNTS OK NfffUjtlum. 

The flower of Nipuphiva remains cIoscmI during the day 
and opens at night. Figures llbo and I'.hi are, from 
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|)hot()^'raplis of th(^ day and night positions of the flower. 
Tin? closure and opening movements of this flower have 



Kk;. —Xf/inplitfo ()|K*ti :n iii'jfliT 

been regarded as being mainly due lo vecurreiU vari- 
ations of light ami darkness.* If tlie opening be due to 
darkness, elosnia* of the tiower should take place in the 
♦ Pfetfer— III. p. V22. 
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morning with the appearance of light. Hut the flowers 
often remain open till ten or eleven in the forenoon. I 
have sometimes succeeded in keeping the flower open for 
greater part of the day by lowering the temperature of 
the plant-chamber. The movement of the flower thus appearetl 
to be associated with variation of temperature rather 
than of light. 

Action of light: Experiment — I investigated the 

effect of light on the movement of opening or of closing 

of the flower. One of the petals 
was attached to the recording 
levi*r ; light from an arc lamp 
was made to act difl’iisidy on the 
[)etal ; this was done by means of 
two inclined niirrors by which 
the divergent horizontal beam of 
light was thrown on th(‘ upper 
and lower si(h‘s. Ihie record in 
liguia* 107 shows that light indue ^1 
a movement of ojaujing, f»)llowed 
by closure? in darkiu‘ss. Since? light 
induces a movement of opening, 
and darkness brings about a 
closure, the opening of the flower 
at night could not be due to darkness. We have? then‘for(? 
to look for a different cause for the diurnal movement of 
the flower. 

Effect i)f varUitum of temperature . — I have already 
described an experiment which proves that rise of tempera- 
ture induces a movement of closure of the floral leaves of 
Nympheea. lowering of temperature producing the opposite 
effect (p. 311). 

From the study of the action of light and of varia- 
tion of temperature, it will be seen that the flower of 

40 



Fig. 1117. - It* •sponsf to 
applied Huccosivtil v for J 

minute. ])()\Mi-curvf! sIjjws 

nioveiHout of opening followed 
b.' recovery in (l:irkne.«s. 
t Ntjmphtt‘^1 ). 
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Nymphcea is acted on in the evening by two antagonis- 
tic forces ; darkness induces a movement of closure, and 
fall of temperature gives rise to a movcunent of opening. 
Since the flower opcms in the evening, the predominant 
(‘.fTect is that of falling temperature. 

The above conclusions are fully borm^ out by the 
diurnal re(!ord wbicli 1 obtained with Ab//>//>Arm. 

hj.r]iPr\itient 201 ). — One of the perianth leaves was attached 
to one of th(^ recording ' levers, tli(‘ diTerential ther- 
mometer being attached to the otlnu*. It will be seen 
(Fig. IIKS) that tlui movement of the flower follows very 



Kij^, ms. — I I MM'ord C)f Xi/mpfio’d, IJppt'i' rccnni trivr.N vai i;»t ion (>{ 

tiimiwratiivo ; the uii-ciuvt* reprnsenlin;; full, uinl do wn-curvt* risn of teinpt*ratiirc. 
The lower roconl exliibilH the movement of the tiower, uj)-carve re[)re.'entinj,^ 
the opening, and down-curve the closure of the tiower. 


closely the curve of variation of temperature. The bower 
w^as tightly closed in the day time ; and the perianth leaves 
began to open out in the evening at brst slowly, then * very 
yapidly, and the flower becoming fully expanded by 10 p.m; 
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at night. Thongli the toniperatiire continued to fall, there 
was no possibility of further ex])ansion beyond the maxi- 
mum. The temperature began to rise attiu* passing through 
the minimum at d a.m., and the* movement of closure 
set in with rising tem})eratui e, tlu* tlowm- becoming com- 
pletely closed by 10 a.m. That gt'otropism luis little 

effect is seen from the fact that the invt'rsion of (lower 
does not interfere with the normal opening or closing of 
the fiowor. 

The phenomenon of diurnal mov^unent of Nuinjili'ni is 
therefore thermonastic, thi‘ lloral leaves exhibiting move- 
ment of opening at night owing to fall of temperature. 
Luffa aciitangula^ which opens in tin* aftt'rnoon, and 

closes early in the morning. giv<‘s a diurnal nuiord similar 

to that of 


SIMM AHY, 

'J'li(* llowiu* of \ u tu gluf'a (‘xhibits a movement of idosure. 
during ris(‘ of temp(*ratun*, and of o]nming during fall 
of temperature. 

It is shown furtinn* tha( tin* elfects of light and of 
risi* of tem])eratun^ an* antagonist ie. to eacJi other. Light 
is shown to iiuliic.* in .V//////y///cr/. (he inovcuiient of op<m- 
ing, and darkness to cause tlu; movenn^nt of (;losur(\ 
The diurnal movement of Xg/H/ihfni is not therc‘fore due 
to periodic variation of light and darkiuiss, but to the 
predominant etfect of \aria.lion of tem])era( ure. 

The diurnal riicord siiows that the jieidantli leaves begin 
to open in tht) evening with falling tempi‘rature, and the 
flower beconn*s fully cxpamled by 10 p.m. The move- 
ment of closure se^s in witli rising temperature in the 
morning, and the flower becomes fully closed by JO a.m, 

40 A 
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Sir J. Vj. Bose, 

hjf 

Lamt Mohan Mveherji. 

Of tli(‘ viist II umber of daily movem(3iits perhaps the 
largest pro[)ortioii is due to thermo-^eotropic reaction and 
its inuditications. Thermo-f'ootropic inoveiiKHits have the 
following characteristics : 

1. The organs are sensitive to the stimulus of gravity 
and the periodic movements are brought about by varia- 
tion of geotro])ic curvature under change of temperature. 

2. Tlie movement is not confined to growing organs, 
l;ut is also exhibited by organs which are fully grown and 
ev(*n ])y rigid trees. 

15. The perio(iic movement is closely related to the 
diurnal variation of temperature. Full of temperature from 
thermal-noon (a\)out 2 ]).in.) to thermal-dawn (about G a.m.) 
is attendeil by a movement of erection ; rise of temperature 
from thermal-dawn to thermal-noon is followed, on the 
otlier liand, by a reverse movement of fall. 

That the movement is primarily due to variation of 
temperature will be demonstrateil in two different ways : 

(«) by the change of normal rhythm of movement by 
artificial transpositions of periods of maximum 
and minimum temperature, and 
(h) by the abolition of periodic movement through 
maintenance of constant temperature. 
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That the phenomenon is not nastic, l)ut paratonic will 
ba demonstrated : — 

{u) by the reversal of closure into opening movement 
and vice in consequence of inversion of 

the plant upside down, and 

(/;) by the diurnal variation of torsional movement, the 
direction of which is ilepoiidenl on tln^ directive 
action of the stimulus of {/ravity. 

1 shall now describe the diurnal movtmient of various 
geotropically curved i)lant-or<a:ans ; tlu‘ most strikin^^ 
example of this is furnished by the ‘Prayinj^’ Palm of 
Faridpor(‘, already dt^scribed. I shall here reca])itulatc some 
of the important ftuitures conn(‘cte<l with the phenomenoii. 

DIURNAL MOVEMENT OF PALM TREKS. 

Movements similar to that of the Pa rid pore l^ilm 
(p. 12) are found in other Palm tr(‘es growin;^ at, an 
inclination from the vertical. 1 r(*pro luce once more tln^ 
diurnal curve given by the 8ijb *ria Palm together with the 
curve of <laily thermal variation (Pij^. KM)). It will he 
seen that the two curves resemble each other so closely 
that" the curve of movement of tlie tree is practically a 
replica of the thermogra])hic record. Thi*re can therefore* 
he no douht of the movement being brought ahoin by 
variation of temperature ; rise of temperature is att(*nded 
by the movement of fall of the tree and vii'e virm. The 
record was coinineiiced at noon ; the temperature rose till 
the maximum was reached at about p.iu. and the tree 
uho reached its lowest position at .‘Mo p.in., the lag 
being 45 minutes. The temperature fell continuously after 
the maximum at 3 p.m., to the minimum at tJ a. in. next 
morning. In response to the falling temperature, the treti 
exhibited a movement of erection. The temperature rose 
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after 6 a.iii. and the movement of the tree became reversed 
from ascent to descent. 



Kl({. — Diiinial rt’oini i)f llu* Siil)<.*ria l*alin. I'pixT ciirvf* variulion 

of l«'m|)<*rai iin*, ami tin* lower fl.<* iiiovcinonl. (»f tlie tree. 

I liave already shown ; (I) that tlu^ diurnal movement 
just describ(‘d is dm‘ to physiolo'^dcal reaction, and that ihe 
movcMueiit is abolished at the death of the plant ; that 

lii^ht has littlo or no ellect, since tlu‘ thick bark and ))a8es 
of leaves screen tin' livini? tissm* from tin* action of li^ht ; 
(3) that transpiration has practically no (‘tfect on the 

periodic movement, since such movement takes place in 
other plants completely immersed under water ; thus 
Jpomwa aqu((tir<(^ a water plant, kept under water 
^ave the normal diurnal curve similar to that of the 
palm. The moilifyins? elVect of transpiration was in this 
case, completely excluded. I obtained similar effect with 

geotropically curved stem of Bas^.lla cnnli folia (p. 25); 
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(4) that the weight of the plant-organ as such, has little 
effect on the diurnal curve, sinct? an inverted plant conti- 
nues for a few days to exhibit the perioilic movement, in 
spite of the antagonistic effect of weight. A differ»‘nt 
experiment will be describeil (see p. 582) where the effect 
of weight was com})letely neutralised and tin' ]>I ant-organ 
gave, neviu’theless, the norinal diurnal ciirvt'. 

1 have also shown that the diurnal movement is 
determined by the modifying inflin'iice of temperatur* on 



Fig. ‘200. — Diurnal n-conl of inclined palm tree, of {^eotropically curved 
procumbent stem of TrnjjdfAnm and tlie dia-{?eotropic leaf of palm. Note general 
similarity between diurnal curve of plants and the thermographic record 

geotropic curvature. Rise of temperature opposes or 
neutralises the geotropic curvature ; fall of temperature, on 
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the other hand, accentuates it. The particular diurnal move- 
ment was not confined to the palm trees, but was exhibited 
by all plant-organs subjected to the stimulus of gravity. 

DHIRNAL MOVEMENT OF PROCUMBENT STEMS AND OF LEAVES. 

Experiment 210 . — In order to demonstrate the continuity of 
the phenomenon of diurnal movement I took various stems 



FiiJ. 201.— Diurnul records of leaves of I tapa^a and Croton. 

growing in water or land for my experiment. The plants 
were laid horizontally, till the stems bent up and assumed 





DAILY MOVEMENT DUB TO THEBMO-O.EOTttOMSM 55i' 


tbe stable position of geotropic equilibrium. In tigure LMH) 
is given records of the inclined palm tree, of procumbent 
stem of TropieuJiun, and the leaf of the palm tree. The 
very close relation between the temperaturi‘- variation and the 
movement of different plant-organs is sulheiently obvious. 

I shall next give a series of <liurnal records of leaves 
of different plants such as those of Dahlia, Papaya and 
Croto 7 i (Fig. 201). In these also fall of tempt'rature induces 
an up-inovement while rise of temperature causes a fall 
of the leaf. I shall presently refer to the ‘ personal 
equation’ by which the record of one plant is distinguished 
fr('m another. 

CONTINUOUS DIURNAL RB:C()nD FOR SUCCUSST V I-. THKRMAL 

NOONS. 

Experiment 211 , — The diurnal record given above*, was 
taken from ordinary noon at 12 o’clock to noon next 
day. The diurnal curve becomes much simpliti(*d if tin* 
recorrl be taken from thenmil-nncm (at about 2 p.m.) to 
the thermal noon next day. d’hi* plant -organ becomes 
erected during falling temperature from tlu*i*mal-noon to 
thermal-dawn next morning, ami undergoes a fall during 
rise of temperature from ih(‘rmal-dawn te t liennal-noon. 
The Subsequent diurnal records will therefon? i)e given for 
24 hours commencing with 2 p.m. In tigure 202 is given 
diurnal records of geotropically curved stem of Tntpiv- 
nhim and the leaf of Dahlia for two tlays in succession. 

The thermal record shows that there was a continuous 
fall of temperature from thermal-noon at 2 p.m. to the 
thermal-dawn at 6 a.m. next morning, that is to say, for 
IG hours. Rise of temperature through the same range 
occurred in H hours from G a.m. till 2 p.m. The* averages 
rate of rise of temperature was thus twice as quick a- 
that of fall. This is clearly seen from the slopes of then* 
mal curve during thermal ascent and descent. The recod 
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of the movement of the plant shows a striking parallelism; 
tlu^ (Unerent plant-organs became erect. from thermal-noon 
to Iherrnal-dawii, and underwent a fall from thermal-dawn 
lo Ihernial-noon. d’he descnit of the curve is. as in the 



2P. M. 2P. M. 2PM. 


Ku;. “JO'*. — Pinnuil curve of the prociKuhent stem of TiHfurttlti m mnjux, and 
the h‘af of Ikihlln for \\\'0 successive days. In the thermo^'raphic record the np- 
cnrvi’ represents fall, and down-curve rise of temperature, 

case of thermal curve, relatively more abrapt. Th * records 
on two successive days are very similar, the slight differ- 
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ence being dne to the physiological doprossion consequent 
on prolonged maintenance of the plants in a closed chambor. 

MODIFICATIOX OF THE DTUHNAL C’URVE. 

I shall now proceed to explain the moditications that 
may occur in the stindard thermo-geotropic curve. 

Tuniing poiNts . — In the bulky Palm, the reversal of 
movement from fall to rise or vire takes place' about 

an hour after the thermal inversion. This lag is partly 
due to the tiim' taken by a mass of tissue to assume the 
temperatures of the surrounding air. Then' is, mori'ovt'r, 
the (juestion of physiological inertia which delays the 
reaction. In leav(*s this lag may be considerably Jess or even 
absent. In certain cases the reversal of movemen! may 
take place a little earlii'r than the tempi'rature inversion. 
It should be remi'inbered in this conneidion, that in 
response to temperature change, the leaf is often displaced 
to a considerable exitent from its ‘ mean position of e(|ui li- 
brium’ ; moreover the force of r.'Covery is giv'atest at thi' 
two extreme positions. These considerations i)robably explain 
the quick return of the leaf to eijuilibrium ])osition. Tln^ 
slow autonomous moveim*nt of the buif may sormd-imes 
prove 'to be a contributory factor. 

Kffitct (if irvegnldv Jluctudlion af teniperaf nre , — In settled 
weather the diurnal rise and fall of temperature is v(‘rv 
regular. But umier less setthul condition, owing to the 
change of direction of the wind, the temperaturi* curve shows 
one or more fluctuations, specially in the forenoon. It was a 
matter of surprise to me to find the plant-record rep(‘ating 
the fluctuations of thermal record with astonishing fldelity. 
This common twitch in the two records is seen in the 
record of the Sijberia Palm (Fig. llflJ). (’ertain plants ar<? 
extremely sensitive to variation of temperature ; so 
much so that these physiological indicators of thermal 
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variation are far more delicate than oril inary thermo- 

meters. 

EjfWt of rf‘strirto(l pliahflitjf of the organ , — A leaf is 
more pliable in one direction than in the other. The 
pulviniis of Mlmona, for example, allows a greater amount 
of bending downwards than upwards ; in consequence of 
this the U-af in its fall becomes almost parallel to the 

internode ])elow ; the iip-movernent is, however, far more 
restricted. Tin* leaf in its most erect position still makes 
a considerable angle with the internode of the stem above 
it. If the leaf-stalk of a plant be restricted in its rise 
the erectile movement at night will reach a limit, and 
the top of the curve will remain flat. This is seen 
illustrated in the record of the leaf of Croton (Fig. 202), 
which attains its maximum erection at 0 p.m. and the 
subsequent curve remains ilattenod till 7 a.m. : after this 
tin leaf begins to execute its downward movement. In 
other cases, the range of up-movement is very great 
and the plant-organ erects itself continuously, till morn- 
ing. In certain cases the impulse of up-moveinent carries 

thv5 organ beyond the stable position of equilibrium ; 
after this the loaf begins to retrace its path slowly ; t}i(‘ 
down-rnovenieiit due to rise of tempo raturt" is, however, far 
more abrupt, and easily distinguishable from the previous 
slow return. 

It will thus be seen that though the diurnal recor I 
consists of an alternating up and down curve, yid these 
minor characteristics or ‘ personal equation’ of the plant 
confers on the record a certain stamp of individuality. 

Effect of age, — In the tloral leaves of Nginpluea the 
thermonastic movement is of positive sign ; that is to say^ 
an erection of the petal during rise, and a fall during the 
lowering of temperature. The corresponding movement of 
leaves would therefore be an erection of the leaf in 
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<lay-tiine, and a fall of the loaf at niglit. The periodic 
curve of such leaves would be of opposite sign to the stan- 
dard thermo-geotropic curves given above. The leaf of 
Nicotina is adduced as an example of a leaf which exliibits 
a movement of fall at night. But the fully grown and 
horizontally spread leaf 1 lind that gives the normal record. 
The verj' young growing leaves give a ditl'erent and some- 
what erratic curve. The ditTerence between growing and 
fully grown leaves is explained by the fact that the former 
would be ad’ected by thermotropism, and the latter hy 
thermo-geotropism. Young leaves exhibit moreover a pro- 
nounced hyponasfy or epinasty, which would naturally 
modify the diurnal curve. 

Certain interesting variation is met with in th(^ diurnal 
record of sprouting leaves (»f Mihami in spring. The move- 
ments of leaves grown later in tlu^ season, as will be ex- 
plained in a later chapter, are very definite and charac- 
teristic. But the young loaves in spring exhibit no dehnite 
diurnal curve, but a series of automatic pulsations, the un- 
suspected jTresence of which in all leaves of Mimosd will 
be ileinonstrated in a subsequent chapter. Later in the 
season, the leaf becomes tuned, as it were, to the periodic 
variation of the environment ; the automatic moveimmts 
become suppressed, and the diurnal periodicity becomes 
deeply impressed on the organism. 

KJfect of >^eason. — d'he 4liurnal curve may also l)e modi- 
fied by the seasonal variation of any one of the »dfective 
factors. Tropif^oluoi majus, for example, exhibits positive 
phototropic action in one season and a negative rcuiction 
in a different season. These seasonal variations must 
necessarily modify the diurnal curve. 

I shall now proceed lo deraonstrale the determining 
influence of thermal variation, and of stimulus of gravity on 
the thermo-geotropic movements. The striking similarity of 
the thermograph, and the record of movement of plants 
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demonstrate the causal relaiion between temperature vari- 
ation and diurnal movement, of which the two additional 
tests described bidow offer further confirmaiioii. 

REVERSAL OP NORMAL RHYTHM. 

The normal diurnal movement is, as we have seen, a 
fall during ris(3 of t(unp(‘rature from morning to afternoon, 
and a rise from afternoon till next morning. I succeeded 
in r(i versing the normal rhythm of Handla by reversing 
tlu^ normal variation of temperature at the two turning 
points, in th(^ morning and in the afternoon. Tlie plant 
was subjected to falling temperature in the morning and to 
rising tempcu’ature in the afternoon. The normal movement 
now IxMuinii^ rev(*rsed, an erection instead of fall in the 
forenoon and a fall insHuid of rise in the afternoon (p. 28), 

EFFECT OF CONSTANT TEMPERATURE. 

The secoml test which I shall employ is tlie elfect of 
maintenancu; of constant temperature, which should wipe off, 
as it W(‘re, traces of periodic movement. It was necessary 
for this investigation to maintain the ])lant chamber at 
constant temj)eratiire throughout day and night. The usual 
thermostat is virtually a recess in a douhle-walled 
chamber filled with water, the chamhm’ hiung covered 
with a heat insulating material. Hut this contrivajice is 
unsuitable for tln‘ plant chambt‘r which is to contain 
good, sized i)Iauts, and th<* recording apparatus. The 
problem of maintaining a large air-chamber at constant 
ttunperaturi* presented many <li(liculties wliich wt're ulti- 
mately oviu-come by the device of an extremely sensitive 
thermal regulator. 

Tho Tiirnnnl lie;/ if Inf or , — 1 shall in a future paper give 
a complete account of the large thermostatic air-chamber. 
The important part of the apparatus is an electro-thermic 
regulator which interrupts the heating electric current as 
soon as the temperature of the chamber is raised a 
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hundredth part of a dej^ree above the predetermined tem- 
perature. The automatic make and break of the current 
takes place in rapid succession, and the temperature of 
the chamber is thus maintained constant within t(‘nth of 
a degree, throughout day and night. 

Diurnal record nf Tropseolum under cmtslunf Ifnipera, 
lure: Ej'perinuint — Th(‘ normal rt‘cord of geotropically 
curved Trojnvof u)n is alrcsidy givtui in ligurt‘ In rejx'at. 

ing tin* record I maintained the plant at constant tempera" 
tur(‘ for 24 hours; the n'sult of this is Si*en in the 
first ])art of tiie record (Fig. 2(),‘l). Tin* ihermal iM'eord 



Fl(i — Abolition ot’ (linnial iiiOvfMno:ii in Tinfmolinn iiinicr 

and its re.-'toration undt^r imninil daily tluct n.it inn. 'I'ln; iiiipf-r 
record i.s of temperature and the lower of plant movement. 

is practically horizontal, ainl the diurnal record of tin* plant 
shows no periodic movement. The th(*rmal regulator was on 
the next day put out of operation, thus restoring the normal 
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diurnal variation of temperature. The record of the plant 
is seen to exhibit once more its normal periodic movement. 

I have in the chapter on thermo-gcotropism (p. nl5) shown 
tliat the diurnal movement of a geotropically curved 
organ is determined in reference to the direction of force 
of gravity. This will be seen demonstrated in an inter- 
esting manner in th(i two following experiments on the 
eff(‘ct of inv(‘r8ion of the plant on daily movement, 

DIUKNAIi MOVEMENT IN INVERTED POSITION. 

I have already referred (o the distinction that is made 
b( 3 tween iiastic and paratonic movements. In the former 
the movement is autonomous and in relation to the plant, 
and in the latter it is due to an external force which 
determines the direction of mov(‘ment. In nastic reaction, 
closure movenmmt would p<usist as a closure movement* ; 
but should the direction of movement be determined by 
the stimulus of gravity, closure movement would, on inver- 
sion, bi‘ reversed into an opening movement. Viewed from 
ill! external point of view an up-inovemeni in the latter 
ease would, aft(‘r readjustment on inversion, become an up- 
inoveinent, though in so doing, the expansion should be 
transfernul from the upper to the lower side of the organ. 
It is to he understood in this connection, that some time 
must lapse before this readjustment is possible, and that 
the former movement may continue, in certain cases, as 
a persistence of after-effect. 

I succeeded in demonstrating the paratonic effect of 
geotropic stimulus on the periodic movement of the palm 
leaf, by holding the plant in an inverted position (p. 24)- 
On the first day of inversion, the diurnal record was 
erratic, but in the course of 24 hours, the leaf readjusted 
itself to its unaccustomed position, and became somewhat 
erected under geotropic action. After the attainment of 

* By closure is tncai.t movement of opposite pairs of leaf .organs towards 
each other. 



DAILY MOVEMENT DUE TO THERMO-(iKOTROPTSM Tx)? 

this new state of geotropic equilibrium, the leaf gave the 
record of down-movement during rise, and up-movement 
during fall of temperature, movements which in reference 
to the plant are the very opposite to those in a iiorinal 
position. Hut seen from an external point of view, rise 
of temperature caused in both normal and invertt'd 
positions, a down-movement indicative of diminished 
geotropic* curvature ; fall of temperature, on the other hand, 
brought about* an erectile movement, thus exhibiting 
enhancement of geotropic curvature. 

Krpfirimont 21S . — A still more striking ri‘sult (‘xhibiting 
the phase of transition was given by the* g(*otro})ically 


^ c 

I L 1 

2 P.M. 2 P.M. 2P.M. 


Fig. 204. — Effect of inversion of the plant on dnirnal movement, (a) 
Normal record, (6) lecoid 24 hours after jiivcrshm and (c) after 48 hourw 
f 7'roptpolum). 

curved stem of Trojiceohiln, Its diurnal curve and the subse- 
quent changes after inversion are given in figure 204. In 

41 






568 LIFE MOVEMENTS IN PLANTS 

(a) is seen the normal diurnal curve ; the specimen was 
inveited, and it took an entire day for the plant to 
readjust itself to the new geotropic condition. The record 

(b) was recommenced on the second day after inversion ; 
the persistence of previous movement is seen in the 
reversed curve during the 'first half of the second day ; 
but in the second half the record became true, and the 
third day the inverted plant gave a record which, from 
an external point of view, was similar to ' that given by 
the plant in the normal position, 

SUMMARY. 

A continuity is shown to exist between the thermo- 
geotropic response of rigid trees, stems, and leaves of 
plants. 

The diurnal record exhibits an erectile movement from 
thermal-noon to thermal-dawn, and a movement of fall 
from thermal-dawn to thermal-noon. 

In contrast with therraonastic movement which takes 
place in growing organs, thermo-geotropic movement 
takes place in fully grown organs including rigid trees. 
The thermonastic movement is independent of the direction 
of gravity, while in thermo-geotropic reaction, the stimulus 
of gravity exerts a directive action. 

The effect of variation of temperature on the diurnal 
movement is demonstrated by induced change of normal 
rhythm, by artificial transposition of periods of thermal 
inversion, and by the abolition of periodic movement 
under constant temperature. 

The effect of stimulus of gravity on the diurnal move- 
ment is demonstrated by the effect induced on holding 
the plant upside down. The direction of the daily move- 
ment is found to be determined by the directive action 
of the stimulus of gravity. 



L.— THE AFTER-EFFECT OF LIGHT 
^// 

Sir J. C. Kosk, 

Assisted hy 

SURENDRA Chandra Das. 

We have considered two types of diurnal movement, 
one due to the predominant action of variation of light, 
and the other, to that of changing temperature. There 
are, however, other organs which are sensitive to variations 
both of light and of temperature. The effect of light is, 
generally speaking, antagonistic to that of rise of tempera- 
ture ; hence the resultant of the two becomes highly 
complex. 

Still greater complexity is introduced by the different 
factors of immediate and after-effect of light. This latter 
phenomenon is very obscure, and I attempted to determines 
its characteristics by electrical method of investigation. A 
fuller account of after-effect of light on the response of 
various plant-organs and of animal retin:e will be found 
elsewhere.* I shall here refer only to one or two 
characteristic results which have immediate Ix^aring cm 
the present subject. 

Direct stimulation under light induces excitatory reac- 
tion, which is mechanically exhibited by contraction, and 
electrically by induced galvanometric negativity. Under 
continuous stimulation, the excitatory eft'ect, either of posi- 
tive curvature or of induced galvanometric negativity, is 
found to attain a maximum. This is often found to 
undergo a decline and reversal ; for under continuous 

* “ Comparative Electro-Physiology p. 3!r2. 
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Stimulation there is a fatigue-decline, as seen in the 
relaxation following normal contraction in animal muscle. 
The positive tropic curvature, and the induced galvano- 
metric negativity may thus undergo a decline, and neu- 
tralisation. This neutralisation is also favoured, in certain 
cases, by tran8V43rse conduction of excitation to the distal 
side. 

The character of the after-effect will presently be 
shown to be modified by the duration of previous stimula- 
tion, the diflereut phases of which will for conveni- 
ence, be distinguished as pre-maximum, maximum and 
}) 08 t-maximum. Since stimulus simultaneously induces 
positive “ A ’’ and the negative “ D ** changes (p. 143), 
their intensities will undergo relative variation during the 
continuance and cessation of stimulus. The after-effect 
will therefore exhibit unecpial persistence of the expansive 
‘‘A’’ and contractile “ I) ” reaction at dilferent phases of 
stimulation. 


KLECTHIO AFTER-EFFECT. 

foufiniug our attention to the electric response, it is 
found that under continued action of light the excitatory 
galvanometric negativity increases to a maximum, after 
which there is a decline, and neutralisation. Figube 205 
gives the galvanographic record of the electric response of 
the leaf stalk of Brijoithylinni under light ; the up-curve 
represents increasing negativity which, after attaining a 
maximum, undergoes neutralisation as seen in the down> 
curve. I shall, with the help of the diagram given in 
the next figure, describe and explain the various after- 
effects I observed on sudden stoppage of light : before the 
attainment of maximum, at the maximum, and after the 
maximum. 

Aftrer-effect of pfr •maximum stimulation: Experiment 
214 , — Light is applied at arrow and stopped in different 
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experiments at a, h, and c (Fig. 106). Continuoas stimu- 
lation induces increasing galvanomctric negativity ; when 



F I (4. ‘205, Fh;.i><m;. 

Fm. ‘iO.'i. — Electric response of tlie leaf-stalk of lirf/opht/ifum iintlcr continuoiiH 
photic stimulation. Incrensiujj negativity repre.sented hy up-eurve. neutral isation 
by down-curve. 

Fig. 206. — Diagrammatic representation of electric aftor-effect of stimulation. 
Pre-maximal stimulation produced by .stoppage of light at a, gives ri.-e tt» continua- 
tion of previous response followed by recovery. Stop|)age of light at maxifnuru 6 
gives rise to recovery to equilibrium position. Siojipagf* of light at post-maxiuiuni 
c, gives rise to over-shooting below zero line. 


stimulus is stopped at a before the iiiaxirnuin, the after- 
effect is a persistence of excitatory galvanometric negativity, 
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which carries the response record higher up ; after a 
certain interval recovery takes place and the record returns 
to the zero line of normal equilibrium. The after-effect of 
pre-maximum stimulation is thus a short-lived continuance 
id‘ response followed by recovery. 

After-effect at maximum : Experiment 215. — In this the 
photic stimulus was continued till the attainment of 
maximum, when light was suddenly removed at h. The 
after-effect was no longer a persistence 'of responsive 
movement, but disappearance of negativity and recovery 
to zero line of equilibrium. » 

Post-maximum after-effect .* Experiment 216. — In this 
ligl}t was continued till there was a complete neutralisation, 
the curve of response returning to zero line ; to all outer 
seeming the responsive indication of the tissue is the 
same as befc^re excitation. But stoppage of stimulus at c 
causes an over-shooting at a rapid rate far beloiv the zero 
line ; and it is after a considerable period that the curve 
returns to the zero line of equilibrium. 

The comlition at post-maximum c is thus one of dynamic 
equilibrium where two opposite activities, “ A ” and “ D,” 
balance each other ; for had the condition of the ‘ neutra- 
lised ’ tissue been exactly the same when fresh, cessation 
of stimulus would have kept the galvanometric spot of 
light at the zero position. 

The electric investigation described above shows that 
the after-effect is modifieil by duration of stimulation, and 
that : 

(1) the after-effect of pre-maximum stimulation is 
the continuation of response in the original 
direction (upward, and away from zero line), 
followed by recovery, 

(2) the after-effect of the maximum is an electric 
recovery towards zero position, and 
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(3) the after-effect of poat-maxiinum stimulation is 
an over-shooting downward below the zero line. 


TROPIC RESPONSE UNDER LIGHT AND ITS AFTER-EFFECT. 

I shall now describe the after-effect of light as seen in 
mechanical response, and the results will be found parallel 
to those given by the electric response. The specimen 
employed is ‘the terminal leaflet of DeHtnotiiiim gyrans^ 
the pulvinus of which is very sensitive to light. Pulvi- 
iiated organs, generally speaking, exhibit a diurnal varia- 
tion of turgor in consequence of which the position of 
equilibrium of the leaf or leaflet nndergoes a periodic 
change. But this equilibrium position of the organ 
remains fairly constant for nearly two hours about mid- 
day, the variation of temperature at this period being 
slight. We may therefore obtain the pure effect of light 
by carrying out the experiment at this period, and 
completing it within a short time to avoid complication 
arising from the autonomous variation of turgor. 

The period of experiment of tht‘ plant may be short- 
ened by a choice of suitable intensity of light ; a given 
tropic eff’ect induced by prolonged feeble light may thus 
be obtained by short exposure to stronger light. The 
source of light for the following experiment^ was a 50 c.p. 
incandescent lamp. The intensity was increased to a suitable 
value by focussing light on the upper half of the pulvinus 
by means of a lens. The intensity was so adjusted that 
the maximum positive curvature was attained in the course 
of about fl minutes, and complete neuttalisation after an 
exposure of 17 minutes. 

Pre-maximum after-effect: Experiment 211 . — Liglit was 
allowed to act on the upper half of the pulvinus for two 
minutes and twenty seconds ; this induce<l an up-movement 
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i.f*,, li positive curvature. On the stoppage of light the up- 
movement continued for one minute and twenty seconds, 
after which the down-movement of recovery was completed 
in six minutes and twenty seconds (Fig. 207). The imme- 
diate after- effect is thus a movement upward, away from the 
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Kl(t, 2(»7. - at arrow, and Hitoi>ped at the st'i'oial anow witliiii 

a circle. After-effect of pre-in.iKimum Htimulatioii is continuation of pof^itiv*' 
curvature followed hy recovery. * 

Fi(«. ‘io.s. -After-effect at inaxinunii ; n-covery towards zero po.-.ifion of ecinili- 
hriuin. 

Kl(t. --After-elFect at post-iiiaxiniuin is a rapid overshoot inj^ below the 
position of ecjuilibriiim. Lij^lit was n])plied in all cases on iippuM’ half oc pulviims 
of tenninal leaflet of Desnuniinm i/i/rajis. ^ 

zero liiu' of equilibrium. The result is seen to be the same 
as the electric after-effect pre-maximum stimulation. 

A/ter-efffirt at niad imani : Experininit 218. — Application 
of light for f) minutes and twenty seconds induced a 
maximum positive curvature. Stoppage of light was followed 
at once by recov(*ry which was completed in about 10 
minutes (Fig. 208). 

A fter-effect at pont-maximain : Experiment 219. — As the 
plant was fatigued by previous experiments, a fresh speci- 
men was taken and light was applied continuously on the 
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upper half of the pulviiius. This gave rise tirst to a 
maximum positive curvature, subsequently diminished by 
transverse transmission of excitation. Neutralisation took 
place after application of light for 17 minutes. On ihe 
stoppage of light, there was a sudden overshooting beloiv 
the zero line (Fig. 209), and the rate of the movement on 
the cessation of light was nearly twice as (jiiick as during 
the process of neutralisation. 

StTxMMARY. 

The after-ell ect of light is modilied by the duration of 
exposure to light. 

Under continued action of light, the electric; response* of 
galvanometric negativity in plants attains a maximum after 
which it undergoes decline, and neutralisation. 

The el(‘Ctrical aft(*r-effeet exhibits chara(*t(*rislie ditl'er- 
ences depending on the duration of previous (exposure to 
light. 

Tlu^ pre-muximal after-i'lfeci is a ti‘m])orary continuation 
of response under light followed by recovery. 

The after-elloct at Ihe maximum is a recovery to the 
normal (*(iuilibrium. 

The after-efl’(*ct at post-maximum is an ‘ oviu’shooting * 
below the position of e<iuilibrium. 

The immediate and after-tropic response of light are 
similar to the corresponding photo-electric effects. 

The pre-maximum after-effect is a continuation of 
positive tropic movement followed by recovery ; the after- 
effect at maximum is a recovery to the normal equilibrium 
position of the organ. The post-maximum after-effect ia an 
overshooting below the position of normal equilibrium. 



LI.— THE DIURNAL MOVEMENT OF THE LEAF OF 
MIMOSA 


By 

Sir J. 0. Bose. 

In the standard curve of nyctitropic movement under 
thermo-^eotropism described in a previous paper, the diurnal 
record consisted of an up-curve from thermal-noon to 
thermal-dawn, and a down-curve from the thermal-dawn to 
thermal-noon. The responding organ, which may be an 
inclined stem or a horizontally spread petiole, underwent an 
erection during the decline of temperature, and a fall with 
the rise of temperature. The diurnal record of the Mimom 
leaf appears, how^ever, to be totally different. 

Experiment 220 , — I obtained the diurnal record of 
Mimosa (Fig. 210) for twenty- four hours commencing at 
2 p.m. which is the thermal-noon. The summer and winter 
records are essentially the same ; the only difference is in 
the greater vigour of movement exhibited by summer 
specimens. The diurnal movement of the leaf is very 
definite and characteristic ; for the curves taken five years 
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ago do not differ in any way from those obtained this year. 
The record may conveniently be divided into four phases. 



FKt. 210. — Diurnal record of Xiniota in .-nuiiuer, aiul in winter. Leaf rises 
from 2 to u p.m., when there w a spasmodic fall. Leaf re erects itself from 9 p.m. 
to (i a.m. after w'hich there is a gradual fall till 2 p.m. with pulsations. The 
npf)er-most record gives temperature variation, np-curve representing fall of 
temperatureUnd rice vervi. 

First phase , — The leaf erects itself after the thermal- 
noon up to 5 or 5-30 p.m. The temperature, it should be 
remembered, is undergoing a fall tiuring this period. 



578 


LTFB MOVEMENTS IN PLANTS 


Second phase , — There is a sadden fall of the leaf in the 
evening which continues till 9 p.m. or thereabout. 

l^hird phase , — The leaf erects itself till thermal-dawn 
at about G a.m. next morning. 

Fourth phase . — There is a fall of the leaf during the 
rise of temperature from thermal-dawn to thermal-noon. 
The uniformity of the fall is, however, interrupted by one 
or mor(3 pulsations in the forenoon. These .pulsations are 
more frequent in summer than in winter. 

It will thus be seen that the difference between the 
normal thermo-geotropic curve, and the curve of Mitnosa is 
not so great as appears at first sight. With the exceptioji 
of the spasmodic fall in the evening, the diurnal curve shows 
an erectile movement tiuring lowering of temperature, aiul 
a movement of fall during rise of temperature. 1 shall 
presently explain the reason of the sudden fall in the even- 
ing, and of the multiple pulsations in the forenoon. 

I have, moreover, been able to trace a continuity in 
Mimosa itself, between the standard thenno-geotropic 
reactions and the modification of it by the action of light. 
The young leaves which sprout out at the beginning of 
spring take some time to become adjusted to the diUrnal 
variation. There are two intermediate stages through which 
the leaves pass before they exhibit their characteristic 
diurnal curve. Slow rhythmic pulsations are at first seen 
to occur during day and night. At the next stage the 
leaves exhibit the diurnal movement of fall from thermal- 
dawn to thermal-noon, and movement of erection from 
thermal-noon to thermal-dawn next morning, tl^ record 
being in every way similar to the standard thermo-geotropic 
curve. It is only at the final stage that there is a spasmodic 
fall in the evening which we shall find is the characteris- 
tic after-effect of light. 
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Before proceeding further I shall refer briefly to the 
theory of Millardet in explanation of the diurnal movement 
of the leaf of Mimosa, He found that the tension in stems, 
and presumably its turgor, is increased with rise and de- 
creased with fall of temperature. The movement of the 
lateral leaf may, therefore, be due to the induced variation 
of tension in the main axis. Had this been the case the 
minimum tension would have occuired at the minimum 
temperature in the morning, and tlie h»af sliould have uiubu’- 
gone a maximum fall. The maximum temperature attained 
in the afternoon should have, on the other band, brought 
about the maximum erection. Tlu^ observed facts are, liow- 
ever, the very opposite to these. Kraus and Millardet also 
found that light and darkness liad groat influence on tlu‘ 
tension, which increases in darkness and diminishes in light. 
The tension at dawn may therefore be a resultant of tin* 
depressing effect of low t nnperature opposed by tlu‘ pro- 
iuoting effect of darkness, the latter being the predominant 
factor. The erect position of Mimosa leaf in the morning 
may thus ' b»3 accounted for by the r(‘sultant increase of 
tension of the stem. The explanation of tlie movemeiits of 
the leaves is thus to be attributed to tlu^ variation of tcmsion 
in the main axis to which the leaves are attached ; 
this J^eads to the conclusion that the leaf- movement should 
be determined in relation to the plant, and not in rela- 
tion to the external stimulus. I shall, how(‘ver, describe 
a crucial experiment in the course of this paper, which 
will show that the direction of stimulus of gravity has a 
determining inlluence on the perioijic movement. The 
sudden fall of the leaf before evening is again inexpli- 
cable from the theory of periodic variation of tension. 

The complexity in the diurnal movement in Mimosa 
arises from the fact that there are three factors whosij fluc- 
tuating effects are different at different parts of tlui day^ 
The effect at any particular hour results from the 
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algebraical summation of the following factors ; (1) the 
thermo-geotropic action, (2) the immediate effect of photic 
stimulus and (8) the after-effect of light. The leaf of 
Mimosa has, moreover, as I shall show, an autonomous 
movement of its own. I shall take up the full consider- 
ation of the subject in the following order : 

1. The Uier' mo- geotropic reaction, — A crucial experiment 
will be described which demonstrates the effect of thermo- 
geotropism in the diurnal movement of" the leaf of 
Mimosa, 

2. Autonomous pulsation of Mimosa. — The natural 

pulsation of the plant is obscured by the paratonic effect 
of external stimuli. I shall explain the method by which 
the natural pulsation of the leaf becomes fully revealed. 

3. The immediate effect of light. — This is not con- 

stant, but will be shown to undergo a definite variation 
with the intensity and duration of light. A very great 
difficulty in the study of effect of daylight at different 
parts of the day is introduced on account of the absence 
of any reliable recorder for measurement of tiuctuation 
of light. I shall describe a device which gives a con- 

tinuous record of photic variation for the whole day, 

4. The after-effect of light, — The spasmodic fall of 

the leaf of Mimosa towards the evening presents the 
most difficult problem for solution. I shall first describe 
the diurnal movement of another plant which presents 
characteristics similar to those of Mimosa, I shall also 
demonstrate the various after-effects of light at different 
parts of the day. These results will offer the fullest 
explanation of the sudden fall of the leaf towards 
evening. ^ 

As regards the sudden fall of the leaf about evening, 
Pfeffer regarded it as due to increased mechanical 

moment of the secondary petioles moving forward on 
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the withdrawal" of light. I shall, however, in the course of 
this paper show, that the characteristic movements occur 
even after complete removal of the sub-potioles. In the 
following experiment, carried out with the intact plant, 
the effect of possible variation of weight is completely 
eliminated. In spite of this, the diurnal movement ex- 
hibited its characteristic phases inclmling sudden movement 
in the evening. 

The experiftient I am going to ilescribe will exhibit 
the diurnal curve obtained by an entirely different 
method, and will clearly exhibit the therino-geotropic 
effect, as well as the immediate and after-effect of light. 

DIURNAL VARIATION OP GEOTROPIC TORSION. 

I have shown that the pulvinus of Mimosa, subjected 
laterally to the action of stimulus of gravity, exhibits 
a torsional response. When the Mimosa plant is laid 
sideways, so that the plane of separation of the u]>per 

I 

and lower halves of the pulvinus is vertical, geotropic 
stimulus acts laterally on the two halves of the differ- 
entially excitable pulvinus. When the less excitable upper 
half is to the left of the observer (see Fig. 179), the 
respoilsive torsion under geotropic stimulus will be clock-wise, 
the less excitable upper half of ihe pulvinus being thereby 
made to face the vertical lines of gravity. When the plant 
is turned over to the other side (the less excitable upper 
half being now to the right of the observer) tin* inductMl 
torsion will be counter clock-wise. The response is there- 
fore determined by the directive action of stimulus of 
gravity. ^Light has also been shown to give ri8(‘ to 
torsion (p. 400). Light acting in the same direction 
as the stimulus of gravity, i.e,, from above, enhances the 
rate of torsion, the curve of response being due to the 
joint effects of light and gravity. 
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Experiment 221 . — I obtained 24 hours* record of varia- 
tion of torsional response of Mimosa, commencing with 
thermal-noon at 2 p.m. It is to be borne in mind that 
increase of torsion indicates increase of geotropic action, 
just as the erectile movement of the leaf in the normal 
position indicates the enhanced geotropic effect. Inspection 
of figure 211 shows that the fall of temperature after 
thermal-noon was attended by increase of torsion. The 



Flit. *21 1. ~ ot diurnal variation of loraion in Mimnm leaf. Up-curve 

reprcsiMits increiso and down-curve decrease of ^eotropie torsion. 

curve went up till 5bout 5 p.m., as in the ordinary 
record of Mimosu. The torsion suddenly decreased with the 
rapid diminution of light after 5 p.m. The torsion then 
increased with falling temperature from 9 ^ ^p.m. till 
thermal-dawn next morning. After 6 a.ra. there is a 
continuous diminution of torsion till 5 p.m. 

We may now summarise the diurnal variation of 
torsion exhibited by Mimosa. The torsion undergoes a 
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periodic increase during the fall of temperature from 

afternoon till next morning, ami a diiiiiniition vluring 
:Tising temperature from morning till afternoon. A smlden 
diminution of torsion occurs at about 5 p.m. ilue to the 
disi ppearance of light. The toi*sional record is, to all 

intents and purposes, a replica of the record of perioilic 
up i and down movements of the leaf. 

!|his method of torsion has several advantages over the 

ordthary method. First, the petiole being supported by 

jbhe loop of wire, the weight of the leaf has no effect on 
the curve of response. In the secornl place, the periotlic 
variation of turgor of the stein, as suggested by Millardtd, 
will not in any way adect the record. Variation of 
turgor can only cause a swing to and fro, in a direction 
perpendicular to the plane which divides the pulvinus 
into upper and lower halves; it can in no way induce 

a torsional movement, or a variation of the rate of that 

movement. 

The automatic pulsation of the leaf nf Mimosa. — Tlie 
occurrence of the pulsatory response in the morning r(‘cord 
of Mimosa led me to search for multiple activity in 
the response of the pulvinus. I have in my previous 

investigation on the electric response of Mimosa obtaineil 
multiple series of responses to a single strong stiiriulus. 
Blackman and Paine have recently shown that an isolated 
pulvinus of Mimosa exhibit multiple mechanical twitches 
under excitation.* 

Even under normal conditions, the sprouting young 
leaves in March, as already stated, exhibit automatic 

pulsations throughout the day and ujgbt ; in old(?r leaves 
tuned to diurnal periodic movements, these natural pul- 
sations are more |"or less suppressed. But in the forenoon, 
several pulsations are exhibited even by the old leaves. 

♦BlacHinan and Pj^ine— “ Annals of, Botany ” January 
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Tho question may now be asked : Why should the 
pulsations occur preferably in the morning? In connec- 
tion with this I shall refer to the suppression of the 
pulsatory activity of Desmodhim gijra}is when the leaflet 
was pulled up by the action of light (cf. Fig. 188). 
The leaf of Mimosa exequtes a very rapid movement of 
erection at night, and the natural pulsations are thereby 
nmdered very inconspicuous. These pulsations may, how- 
evt^r, be found in the night recor<l of young leaves. 
The general occurrence of pulsations in the forenoon is 
probably due to the fact that the resultant force, which 
causes the down-movement is at tlie time relatively feeble — 
the operative factors being: (1) the action of the rising 
temperature which induces down-movement, and (2) the 
action of light which in the forenoon opposes this move- 
ment. It will thus be seen that the forces in operation 
in the forenoon are more or less in a state ot balance’ 
hence conditions for exhibition of natural pulsations are 
more favourable in the morning than in other parts of 
the day. » 

K.vperiinenl 222 , — I next tried to discover conditions 
und(n* which the plant would exhibit its normal rhythmic 
activity during the whole course of 24 hours. The ex- 
ternal stimuli which may interfere with the exhibition 
of its automatic pulsations are those due to gravity 
and light. They act most effectively on the pulvinus, 
when that organ is more or less horizontal and thercdore 
at right angles to the direction of the incident stimulus ; 
they act least effectively on the pulvinus when the organ 
is parallel to the direction of the external force. This 
latter condition may be secureii by hohling the plant upside 
down, wdien the pulvinus bends up and the leaf becomes 
erect and almost parallel to the vertical lines of gravity and 
to vertical light from above. The leaf, now relatively free 
from the effects of external stimulus, was found to exhibit 
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its autonomous pulsations for more than seven days. I 
reproduce two sets of records (Fif?. 212) for 24 hours each, 



Ki<i. 212.— Continuous record of automatic pulsation of Mimosa leaf. 'riu tw<i 
series are for the first and the third day. 


obtaiiied on the first and the third day. The avera’^e p«irio<l 
of a single pulsation is slightly less than six hours ; but 
this is likely to be modified by the age of the sfu-cimeri 
and the temperature of the environment. 


One of the factors that determines the diurnal moveinent 
of the leaf is the immediate and after-elfect of light. The 
movement under the action of light, is modified by 
the intensity and duration of illumination. The experi- 
mental investigation of the subject offers many difli- 
culties, principally owing to the absence of any reliable 

12 a 
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indicator for the varying intensity of light during the 
course of the day. 

THE PHOTOMETRIC RECORDER. 

This difficulty I have been able to overcome by the 
automatic device for continuous record of the variation 
of light. The electric resistance of a selenium cell under- 
goes diminution with the intensity of light that falls on 
it. The photo-sensitive cell was made the fourth arm of a 
Wheatstone bridge, the resistance of the cell being exactly 
l)a lanced when the shutter of the sensitive cell was closed. 
The selenium receiver was pointed upwards against the 
sky. Precaution was taken that it was protected from the 
direct action of sunlight. On opening the shutter a deflec- 
tion of the index of a sensitive galvanometer was produced, 



Fig ‘213 — Photometric record showing vari^tipij of intensity of light from niorJiing 
to evening. Successive dots are at intervals of 30 minutes, 

and the deflection increased with increasing intensity of 
tliflfuse skylight. The special difficulty was in securing 
automatic record of the galvanometer deflections. This 
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was obtained by a special contrivance of an oscillating 
smoked glass plate, the up and down oscillation being 
at intervals of 30 minutes. A detailed account of this 
apparatus will, with its possibilities for mf‘tt*orology, he 
given in a future paper. I reproduce the recor I obtaiin»d 
in my greenhouse on the oth March (lliPJ), which gives a 
generals idea of the variation' ‘of the liglit from morning to 
evening (Fig. 213). The record shows that the light began 
to be perceptible at 5-30 a.ni., and that tin* intensity 
increased rapidly and continuously till it reached a climax 
at noon, after which it began to decline slowly. Tin* 
decline of intensity of light was very abrupt after 5 p.m , 
the eflect being reduced to zero at O-.IO p.m. 

THE-BFFfiCT OF DIRECT IdOHT. 

Under natural conditions, the leaf of is acted 

on by light from above, and it is generally supposMl that 
the pulvinus is positively phototropic, that is to say, it 
curves upwards till the leaf is placed at right angl(‘s to 
the direction of light. My investigations show, howevi‘r, 
that the phototropic etfecta vary from positive to negative 
through an intermediate stage of neutralisation, these d“- 
pendiftg on the intensity and duration of exposure. When 
light acts continuously on the upper half of the pulvinus, 
there follows; the ^.followiiig sequences of reaction : 

(1) The leaf is aU first erected by the contraction ol 
the upper half of the pulvinus due to direct action ol 
light acting from above. 

(2) Under continuous stimulation of the upper halt ol the 
pulvinus by light, the excitation is slowly conaucteil to the 
lower half across the pulvinus. In consetiuence of tins 
transmitted excitation, the lower half begins to contract 
and thus neutralises the first eflect of erection. The upper 
half of the pulvinus is less contractile than the lower 
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half, and the neutralisation is due to the full contraction 
of the upper half antagonised by slight contraction of the 
lower half. The horizontal position of the leaf under light 
is therefore the result of balance of the two antagonistic 
reactions. If the incident light be very strong, the more 
intense transmitted excitation induces greater contraction of 
the lower half, and bring about a resultant tlown-inove- 
ment {cf. p. lliU). 

Let us consider the effect of daily variation of light on 
Miinosa ; we have here to take account both of intensity 
and duration. The intensity of light is seen to undergo a 
c(nitinuou8 increase which reaches a climax at noon ; it 
then begins to decline slowly and the diminution of inten- 
sity of light is very abrupt after 5 p.ni. 

Under natural conditions the following phototropic effects 
are observed during the course of the day : light acting 
from above induces an up-movement of the leaf ; but 
this is opposed by the thermo-geotropic fall of the leaf due 
to rise of temperature. As the two opposing effects are nearly 
balanced, any fluctuation of the relative intensity of the 
two gives rise to the pulsatory movements often seen in 
the forenoon ; the Miwoau leaf has moreover an autono- 
mous movement pf its own. Under continued action of light 
neutralisation begins to take place after 1 p.m. {rf. 
Krpt. 11^5). Later in the day the pholotropic effect may 
become negative ; reversal into this negative takes place 
under the joint action of intensity and duration of light; 
it takes place earlier under strong, and later under feeble, 
light. 


THE EVENING SPASMODIC FALL OF THE LEAF. 

I shall now deal with the difficult problem of the sudden 
fall of the leaf after 5 p.in. Pfetfer rega riled this sudden 
fall in the evening as due to the increased mechanical 
moment of the secondary petioles moving forward on the 



DIURNAL MOVEMENT OP .UIMOSA 


5S9 


withdrawal of light. But the following experiment allows 
that the increased mechanical moment cannot ))e the true 
explanation of the fall. 

Diiumal muvpmmi uf the amputated petiole: K.rperimeut 
223 , — In my present experiment the possibility of variation 
of mechanical movement was obviated by cutting off thi‘ 
end of the petiole, which carried the sub-petioles. Tin* cut 
end was coated with collodion flexile to prevent evapora- 
tion. The intense stimulus caused by ami)utation induced 
the excitatory fall of the leaf, but it recovt‘red its normal 

activity after a period of 
three hours or so. Tlu* 
diurnal record of the leaf 
was coi|imeuce<l shortly 
after I p.in. ; it will be 
noticed that tlu^ leaf, though 
deprived of llii* W(Mght of 
its sub-peti<d(‘S, still (exhibit- 
ed a sudden fall at al)OU( 
5 p. m. (Kig. 214). The fall 
of the leaf cannot thorefon^ 
be din* to increased mecha- 
nical mommit. Tin* elf(‘cl 
of wi*ight was, moreovm*, 
eliminated in torsional r(*s- 
ponse {J^Jrpt, 221). In spite 
of this tin* h*af exhibited 
a 8udd(*n moveiin*nt aft<‘r 
f) p.m. 

Schlufbew(‘gung ’ 



Fi<;, 21 i, — Record of leaf of Minium 
after amputation of sub-petioles. The leaf 
fell up to 2-;te p.iii., and rose till b p.m., 
after which there is a spasmodic fall. 

(Successive dots at nitervals of lb 
niiimtes.) 

Pfeff(*r has in his ‘ Kntstehung der 
(LlhlT) offered another (*.xplaiiation (jf the sudden tall ot tln^ 
leaf of Mimmfi. This, according to him, is not the direct 
etfect of diminished intensity of light in the eviMiing, buf 
is due to the release of the leaf from the phototropic action 
of light, which, so long as it is sutliciently intense, holds the 
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leaf in the normal position with its upper surface at right 
angles to the incident rays. Thus, on being set free from 
the strong action of light, the leaf moves in accordance 
with the preceding condition of tension ; and as this is low 
the leaf falls, soon to rise again as the tension increases in 
prolonged darkness. 

The above explanation presupposes: (1) that the tension 
was continuously <lecreasing till the evening, and (2) that as 
soon as tlie i)liototropic restraint which held' the leaf U]) 
was removed it fell down in accordance with the prevailing 
diminished ieimion. 

Ueferring to the first point, an inspection of the diurnal 
curve of Mimosa' shows that the leaf had no natural 
tendency to fall towards the evening. There was on the 
contrary a movement of erection, on account of fall of 
temperature after the thermal-noon (Pig. 210). As the 
natural tendency of the leaf was to erect itself, the removal 
of phototiopic restraint cannot therefore induce a move- 
ment of fall. 

As regards the factor of light, the effect in the after- 
noon is a down-movement on account of transverse con- 
duction of excitation ; but the leaf is prevented from exhibit- 
ing this down-movement by the thermo-geotropic up-move- 
ment due to fall of temperature after the thermal noo*.!. I 
shall presently describe experiments on the pure effect of 
light, which will show that the action of continued photic 
stimulus induces a ilown-movement of the leaf in the 
afternoon. 

The results of experiments that have been described show 
that the sudden fall of t'le leaf in the evening could not 
be due to : 

(1) increased mechanical moment, 

(2) the natural tendency of the leaf to fall towards 

evening against phototropic action by which the 
leaf is held up. 
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The above explanations having proved nnsatisfactory we 
have to search for other factors to account for the fall of 
the leaf on the cessation of light. In this connection I 
was struck by the extraordinary similarity of the tlinrnal 
curve of the petiole of alata with that of 


DIURNAL CURVE <)F THE PETIOIJC OF Cassia alata. 

E.vpet'i'naait — The leaf of Cftssia exhibits as in tin* 
leaf of Mimosa a slight erectile movement after the tlnuunal- 
noon at 2 p.m., there is next a sudden fall after 5 p.m., 
which continues about D p.m. ; after this the h*af exliihits 
a continuous rise with the fall of temperature, till the climax 
is reached about t» a.ni. in the morning ; the h‘af th(*n 



Fig. ‘2 ir>.— Diurnal record of aanxia leaf. Note similarity witli diurnal rceord of 
Mimosa. 

undergoes a fall with rise of temperature, there being a 
nuliiber of pulsatory movements in the forenoon, evidently 
due to unstable balance under the opposing etiects of light 
and of rise of temperature (Fig. Jil5). 
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The reason of this similarity between the records of 
Cansia and was found in the fact : 

(1) That the main pulvinua of the leaf of Cassia is, 
like the pulvinus of J/iV/wsa, dilferentially excitable, the 
lower half bc'inj' more excitable than the upper. This is 
demonstrated by sending a diffuse electric shock through 
the leaf, the response being by a fall of the leaf due to the 
greater contraction of the lower half of the pulvinus. 
The leaf recovennl after an interval of 20 minutes, the curve 
of response being similar to that of Mimnsa, The only 
iHfference between the two organs is in the lesser excitabi- 
lity of the pulvinus of Cassia, on account of which a 
greater intensity of shock is necessary for producing the 
responsive fall. 

(2) The responses to light are the same in both as 
will be seen in the following experiment. 

Kxpfi7'iment 225 . — In Cassia, as in Mimosa, light acting 




FliJ. 210. — Poyt-niaxii|imiii after-effect of light on re-^ponse of leaf of Casnia. 
There ia un over- shooting on cessation of light at arrow within a circle. 

from above induce.^ at first an erectile movement which 
reaches a maximum ; after this there is a neutralisation 
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and reversal. In the record given in tiguiv 216, light 

from a small arc lamp acting on the upper half of the 
pulviims for 48 minutes gave the maximum positive 
curvature ; this was completely neutralised hy further 
e^cposure to light for 20 minutes. Light was cut o(V at 
neutralisation and there was a sudden fall beyond the 

equilibrium position, which was more rapid than the 

movement under light. The after-effect of prolonged 

exposure is thus an ‘over-shooting* beyond the normal posi- 
tion of equilibrium. 

RESPONSE OP Mimosa to darkness at different 
PARTS OP the day. 

1 now tried the effect of darkness on the movement of 
Mimosa^ and was surprised to find that while artificial 
darkness caused a sudden fall of the leaf in the aft(T- 
noon, it had no such effect in the forenoon. 

Krperiim^nt 226 , — Successive records were taken of the 
effect of artificial darkness for two hours, alternating with 
exposure to light for two hours. The plant was subjected 
to darkness by placing a piece of black cloth over the 
glass cover from 12 to 2 p.in., it was exposetl to light from 
2 to 4 p.m. and darkened once more from 4 to 6 p.m. 

The record given in figure 217 shows that tlie leaf had 
been moving upwards under the action of light (positive 
phototropism); darkness commenced at the point marked 
with a thick dot. The after-effect on the sloppff(/c of iipht 
is seen to he in the mme direction as under light ; this 
persisted for ten minutes followed by recovery which was 
complete by 2 p.m., as seen in the horizontal character 
of the curve. On restoration of light (at the [)Oint 
marked with the second thick dot) the leaf moved up- 
wards till the positive phototropic movement attainetl a 
maximum in the course of an hour and twenty minutes, 
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after which neutralisation set in, and by 4 p.m. the positive 
phototropic effect had become partially neutralised. Arti- 



Kl(t. 217. — I'ilFect of [UM-iodic altenuition of liLclit L, and of (larkncss 1), on 
tho ros|K)iise of Att/wtsa leaf. Ttu* first darkness cjiUvses the pre-iniiKimal after- 
cll'oet of slight erection folio ued by recovery. The .subsequent application of 
li<>:ht from 2 to 1 p.m. ciinsei erectile movement followed bj' partial neutralisation 
by 4 p.m. Stoppaf?e of li«^dit at the third thick dot caused a sudden fall of 
leaf beloir the i)osition of etpiilibrinm. 

r 

ficial darkness at the third thick dot caus3d a rapid down- 
movement wliich overshot' the position of equilibrium. 
The dilfereiice of after-effect in the forenoon anti in the 
afternoon lies in the fact that in the first case it was the 
pre-iiiaximum after-effect ; but -in the second case the 
after-effect was post-maximum. I have already shown in 
the previous cliapter that the pre-maximum after-effect of 
light is a short-lived uioveineut in the same direction as 
under light, while post-maximum after-effect was a rapid 
over-shooting downwards beyond the e|uilibrium posi- 
tion. These characreristics are also found in the after- 
effects of light in Mimosia. 
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The responses of Mimom on the cessation of lijrht 
described above took place in the course of experiments 
which lasted for more than six hours. Objection may l)e 
raised that durini^ this lon^ period the temperature varia- 
tion must have produced certain effects on the response 
In order to meet this difticulty, I carried out the followin^^ 
experiments which were completed in a relativt'ly short 
time, I have alrea<ly explained how the i>eriod of ex- 
periment couUl be shortened by suitable incr(*ase of the 
intensity of light. The experiment was commenced inside 
a room at noon and completed by 2 ]).ni.; the tem})eratur(* 
variation during this period was less tliaii 1*^0. 

After-rffect at pre-niaximiim : E.vperhiHn\t :yJ7 . — Idght from 



Fig. lMs Fig. iMa. I- ig JJo. 

Fig. ’il^, — l^re-iiiii.Ninuiiu iiflui-ellViM of lijrht in M'nnum. 

Fig. ‘Jill. — r.t at inaxiFiium. 

Fu;. 220. — Poht-nia\iiiimn aftor-olfcct in.;/ an ‘ ovm -''liool iii^^ ' Oolow 

position of pijuiiibrimn. 

In the above records li^dit was apjdied at arrow, and -topjad at the hecoiiil 
arrow enclosed in a circle. 

an 100 c.p. incandescent lamp was focnsstMl on th«* iijiper 
half of the pulvinus of Mhaasa for 8 minutes, after whic 
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the light was turned off. The after-effect was a persis- 
tence of previous movement followed by recovery (Fig. 
218). 

After-effect at maximum: Experunent 228 . — Continued 
action of light for 18 minutes induced maximum positive 
curvature as seen in the upper part of the curve becoming 
horizontal. On the stoppage of light, there was a recovery 
to the original position of equilibrium (Fig. 219). 

A fter-effect at post-maximum : Kxperimeut 229 , — A 
fresh specimen of plant was taken for this experiment ; it 
exhibited maximum positive curvature after an exposure 
of 20 minutes ; continuation of light for a further period 
of 17 minutes produced complete neutralisation. Stoppage 
of light at this point, gave rise to a rapid down-move- 
ment (Fig. 220) below the equilibrium position. 

The experiments that have been described show that 
the rapid fall of the leaf of Mimosa in the afternoon is 
due to ‘over-shooting’ which is the after-effect of pro- 
longed action of light. 

We are now in a position to give a full explanation 
of the different phases of diurnal movement of the leaf 
of Mimosa. The fall of the leaf commences from its 
highest position at thermal-dawn at 6 a.m. in the 
morning and continued till the thermal-noon at 2 p.m. 
This is the thermo-geotropic reaction due to rise of tempera- 
ture In the forenoon the phototropic action is positive, 
and the fall of the leaf, due to rise of temperature, is 
brought about in opposition to the action of light. The 
temperature begins to fall after 2 p.m. and the leaf 
begins to erect itself, and in the absence of any dis- 
turbing factor would have continued its iip-movement till 
next morning. But light undergoes a rapid diminution 
after 5 p.m. and the after-effect of light is an ‘over- 
shooting’ ‘in a downward direction. This fall continues 
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